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General Introduction
Stability in free radicals has long been known to be enhanced by aromatic units
adjacent to the site of the atom possessing the odd electron.1 It is the stability of these
benzylic type radicals that made possible the discovery of a neutral trivalent carbon
species, or 'free radical', by Moses Gomberg in 1890.2 Gomberg's triphenylmethyl isa
relatively stable and persistent species that arises from the combination of two distinct
effects, an electronic stabilizing factor that results from delocalization of the odd electron
into the aromatic ring, and a steric factor that retards the dimerization to form
hexaphenylethane. These two effects, though distinct in their definitions, can be quite
difficult to separately quantify by experiment. This simultaneous interaction of both
steric and electronic factors involved in free radical chemistry has provided difficulty and
richness in the study of these systems.
The use of the adjective "stability" in free radical chemistry is often over extended
to include both persistence and ease of formation. In order to avoid confusion the
convention suggested by Griller and Ingold3 will be used. In this convention it is
"proposed that 'persistence' be used to describe a radical that has a lifetime significantly
greater than methyl under the same conditions and that 'stabilized' be used to describe a
carbon-centered radical R.,when the R-H bond strength is less than the appropriate
carbon-hydrogen bond strength in an alkane."3 The term, "stable" is left only to be used
in the case of a radical of such great persistence and lack of reactivity that it may be
isolated as a pure substance. The persistence of nearly all carbon centered radicals is a
result of steric hindrance blocking the reaction site which thus causes the radical to be
more inert. Indeed, even Gomberg recognized that the persistence of triphenylmethyl
might result primarily from steric factors.2 Stabilization by resonance effects is usually2
not thought to be enough to produce a persistent species. For example, cyclohexadienyl
is more stabilized than triphenylmethyl, yet it is a transient species.3 The steric factors
involved in the persistence of triphenylmethyl are given further credence whenone
considers that the dimer formed is a head-to-tail dimer, rather than the head-to-head
dimer expected by Gomberg.4 Although resonance effects may be consideredas only a
secondary cause of persistence, tricyanomethyl has been found by Kaba and Ingold5 to
be a very persistent radical. Due to the small size of the cyano group, it is unlikely that
steric effects contribute greatly to its persistence; thus, electron delocalizationseems to be
primarily involved in the surprisingly long life of this species.
Benzylic type radical stabilities may be quantified by two general approaches.
These stabilities may be acquired either by direct evaluation of a physical quality or viaa
method based on the ease of radical formation (kinetic methods). Physical methods
involving measurement of some property that can be related to the inherent radical
stabilizing ability of the system will discussed in Part II.
Methods involving the rates, or ease of formation, of a radical species have been
used extensively to probe the effects of steric and electronic changes on radical stability.
The generation of free radical species can be accomplished by a variety of methods such
as, atom abstraction, addition to multiple bonds, and the thermally or photolytically
induced decomposition of various azo and peroxidic compounds. Atom abstraction
reactions have received intensive study. This process involves the standard tripartite
mechanism of initiation, propagation and termination steps. Early studies involving
hydrogen atom abstraction by trichloromethyl radical6 and radical aromatic substitution
reactions7 found little variation in the relative rates as a function of variation in the steric
or electronic effects of the attacking radical. Work by Kooyman on the generation of a
variety of delocalized carbon radicals by hydrogen atom abstraction, shown in Table 1,
is indicative of the wide range of rate variation in the substrate molecule.83
Table 1. An early example of reaction of selected hydrocarbons by the
trichloromethyl radical.
Hydrocarbon Relative Rate
Toluene 1.0
Diphenylmethane 7.98
2-Octene 11.67
Triphenylmethane 17.90
3-Phenylpropene 28.57
Indene 111.9
In this set of data the interaction between steric and electron effects is manifest.
As delocalization of the unpaired electron increases, the added stabilization accelerates
the ease of formation and thus the rate. Oddly, the relative rates for triphenylmethane
and 2-octene are quite comparable despite the potential for a much higher degree of
delocalization in the former. This has been explained in terms of the steric requirements
of triphenylmethyl resulting in the inability to maintain the planar geometry necessary for
complete delocalization.9 Correlation of these early data with HMO calculated energies
proved inadequate. Most subsequent workers in the field of benzylic hydrogen atom
abstraction reactivity have limited their studies to series of compounds that exhibit greater
inherent similarity.
Electronic effects in radical stability can also be manifest as polar effects.
Hammett correlations were utilized by Walling and Mayo nearly 50 years ago in studies
of radical reactions.10 These polar effects on hydrogen atom abstractions from the
benzylic site of substituted toluenes have since received intensive investigation.11,12,13
The early study of these systems showed negative rho values for a wide variety of
abstracting agents including halogen atoms, 14,15,16 oxygen centered radicals,16,17 and
certain carbon radicals.18,19,20 Rationalization of the trends observed in rates of4
photochlorination of substituted toluenes led Walling and Miller21 to propose that the
transition state of the reaction involved polar resonance contributing structures. They
recognized the possibility that special Hammett sigma values might be necessary for
substituents that are capable of direct resonance interaction in the radical transition state.
Subsequently, a great improvement in correlation of data from many kinetic studies with
sigma-plus values was demonstrated by Russe11.22 The trends in rate data are explicable
in terms of the individual substituent's interaction with any polar nature in the transition
state. Thus for an abstracting radical Y that has an electronegativity greater than that of
the benzylic carbon, generally termed an electrophilic radical, the electron density is
pulled toward the abstracting species resulting in a greater contribution of the canonical
form DI in the transition state. The resulting positive charge on the benzylic site can be
stabilized by electron donating substituents with a corresponding acceleration of rate of
reaction.
oge0 [ArCH2H y ArCH2HY ArCH2H :y
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Figure 1. Canonical forms of the transition state of benzylic hydrogen atom abstraction
by electrophilic radicals.
By the same token, this suggests a possible improved correlation with Hammett
sigma-plus values over sigma values in linear free energy relationships. A typical
example of this is the bromination of toluenes at 80 °C. Use of sigma parameters gives a
correlation coefficient of -0.92. This goes to -0.99 on correlation with the log of the
relative rates of reaction. This improvement in correlation is typical of systems where
the positive charge develops at the benzylic site.5
A compilation of rho values for a variety of benzylic hydrogen atom abstraction
reactions by electrophilic radicals is given in Table 2.
Table 2. Benzylic hydrogen atom abstraction from substituted toluenes.
Abstracting
Species T °C rho subst
parameter
Ref.
H- 40 -0.1 a* 23
CH3- 100 -0.1 a 20
C6 H5 60 -0.1 a 19
p-CH3 C.6 H4 60 -0.1 a 24
p-BrC6H4- 60 -0.1 a+ 24
HO2CCH2' 130 -0.7 a+ 24
p-NO2C.6H4- 60 -0.6 a+ 25
C13C in C6H5C1 50 -1.5 a+ 18
Cl- in CC14 40 -0.7 a+ 14
Br in CC14 80 -1.4 a+ 7,26,27
(CH3)2N- 136 -1.1 a+ 28
(CH3)3C0- 40 -0.4 a+ 28
(C6 H5 )3 CO' 22 -1.1 a+ 29
(CH3)3C00- 30 -0.6 a+ 30
Hydrogen atom transfer from toluene to chlorine atom demonstrates a rho value
of rather small absolute value. This is an indication of a low degree of bond breaking in
the transition state. Bromine atom, with a considerably larger absolute rho value,
exhibits an extensive amount of bond breaking in the transition state despite a lessened6
electron affinity. The selectivity of tert-butoxyl radical was originally thought to be
intermediate between that of bromine and chlorine atoms.31 However, the rho value for
this species in benzylic hydrogen atom abstraction is much smaller than that of chlorine
atom (Table 2). Possibly this lower rho value for tert-butoxyl radical is the result of a
smaller electronegativity than that found for chlorine atom combined with an earlier
transition state in the reaction.14 The reactivity of tert-butoxyl radical, being greater than
that of bromine atom, would suggest an early transition state.
The relative stability of the radical resulting from hydrogen atom abstraction is
also known to affect the magnitude of the rho value. An inverse relationship exists
wherein an increase in the stability of the product radical results in a decrease in the
magnitude of rho. Table 3 shows these trends. For example hydrogen atom transfer by
bromine atom yields decreasing absolute values of rho in going from toluenes,15 to
ethylbenzenes,32 to cumenes.337
Table 3. Rho values for benzylic hydrogen atom abstraction from substituted
phenylalkanes.
Substrate hydrogen
type
T (°C) P (a) Ref.
Bromine atom
Toluenes 1° 80 (in C6H6) -1.4 (a+) 10
Toluenes 1° 80 (in CC14) -1.3 (a+) 18,19
Ethylbenzenes 2° 80 -0.7 (a+) 27
Cumenes 3° 70 0.38 (a) 28
Cumenes 3° 70 -0.24 (cr+) 28
Trichloromethyl radical
Toluenes 1° 55 -1.5 (a+) 13
Ethylbenzenes 2° 80 -0.5 (a+) 29
Cumenes 3° 70 -0.89 (a) 28
Cumenes 3° 70 -0.67 (a+) 28
Peroxyl radical
Toluenes 1° 30 -0.6 (a+) 22
Cumenes 3° 30 -0.3 (a) 22
The same trend can be observed for other abstracting radicals; although, the
magnitude of the effect is diminished for less selective radical abstractors. This trend in
reactivity can be explained on the basis of Hammond's postulate.34 Abstraction of
hydrogen from toluene will generate a relatively less stable primary radical. This
reaction will be more endothermic than the corresponding generation of cumyl radical.8
The former reaction will involve less reorganization of the atoms and thus have an early
transition state, that is, its geometry will more resemble starting material. This early
transition state involves less bond breaking and therefore a lessened degree of charge
separation. Conversely, the more exothermic formation of cumyl radical will have a later
transition state involving more bond breaking and therefore be more susceptible to
charge separation. Ethylbenzene, which will form a secondary radical of intermediate
stability, will be of an intermediate value.
Zavitsas and Pinto suggested that some, perhaps most, of the effect attributed to
charge separation in these reactions could be a result of the inherent strength of the
carbon-hydrogen bond being broken.35 This conclusion was based upon the results of
mass spectrometric analysis of substituted toluenes. From this Zavitsas and Pinto
claimed that rate enhancement could be caused only by electron donating, bond
weakening substituents. Only negative rho values should, therefore be observed. This
was in agreement with observations then extant (Table 2).
Pryor pointed out, however, that the hydrogen-abstracting radicals which had
been used up to that time were electrophilic in nature. Later experiments, done by Pryor
and others, using nucleophilic alkyl radicals showed an inversion in the order of
reactivity for the substituted toluenes and produced positive rho values36-40. Rho values
for these alkyl radicals are summarized in Table 4. Pryor was led to the idea that the
positive rho values must be mechanistically important by literature and thermodynamic
data, suggesting that all atom transfers involve an isoentropic process.20,41,42 The
report of positive rho values by Pryor confirmed the idea of a charge separated resonance
form in the transition state of hydrogen atom transfers, as well as, expanded the number
of canonical forms possible as shown below.36a,b9
. . e.
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Figure 2. Full compliment of canonical forms of the transition state of benzylic
hydrogen atom abstraction.
Resonance forms III and IV will change in degree of participation depending on
the relative electronegativity of the abstracting radical. In the case of an electrophilic
abstracting radical (Y) form III would be expected to dominate; likewise, form IV would
increase its contribution when Y is relatively nucleophilic. The ability of substituents to
modify the ground state strength of the bond to be broken may also play a role, as
pointed out by Zavitsas.
Table 4. Rho values for hydrogen atom abstraction for substituted toluenes by alkyl
radical.
Radical T (°C) P Ref.
Methyl 110 -0.02 ± 0.2 39
Isopropyl 30 -0.830 36b
3-Heptyl 80 -0.750 37
tert-Butyl 30 0.8 ± 0.1 36b
tert-Butyl 80 0.70 ± 0.09 36c
tert-Butyl 30 0.99 ± 0.04 36a
tert-Butyl 30 0.60 36d
tert-Butyl 48 0.59 40
Undecyl 80 0.45 ± 0.07 38a
Undecyl 81 0.50 ± 0.02 38b
Undecyl 81 0.40 39c10
Substituted phenyl groups have not been the sole studied group. Studies by
Unruh and Gleicher on hydrogen-atom abstraction from various mono-methylated
polycyclic homoaromatic hydrocarbons (PAH)43 and Gleicher et al. on halogen atom
abstraction from the corresponding chloromethyl and iodomethyl PAHs44 showed no
difference in the order of reactivity for either nucleophilic or electrophilic radicals. This
would be expected in systems with equal ability to stabilize negative or positive charge
such as the alternant PAH units. Heteroaromatic systems however, should show
differences in the order of reactivity for nucleophilio versus electrophilic abstracting
radicals. This is reasonable in light of the accepted concept of partial charge separation
in the transition states of these processes. Unlike PAHs, these systems have a
differential ability to interact with adjacent positively and negatively charged centers.
The nitrogen atom in the pyridine and quinoline systems, with its lone electron pair, has
the ability to stabilize a positive charge with which it is in direct resonance. Development
of a negative charge at a site in resonance with the nitrogen moiety would conversely be
destabilized.
As can be ascertained from the above examples, the ability to directly measure the
inherent radical stability for a given aromatic system by kinetic means is thwarted by an
inability to evaluate the effect of charge separation in the transition state. This is
especially true for heteroaromatic systems where charge stabilization effects are large and
may overwhelm any radical stabilizing ability.
Controversy has also surrounded the identity of the radical involved in several
atom abstraction processes. Homolytic cleavage of a heteronuclear bond in the initiation
step may lead to an ambiguous choice regarding which radical will carry the chain
process forward. One of the early and well known reactions of this type is the
photobromination of toluene using N-bromosuccinimide (NBS). In this case the original
mechanism of hydrogen abstraction by succinimidyl radical proposed by Bloomfield4511
was abandoned in favor of a mechanism involving bromine atom as the chain carrying
species first suggested by Goldfinger.46 Both mechanisms are shown below in Schemes
1 and 2 respectively on the following page. It is of interest to note that the Goldfinger
mechanism is unique in that it adds a non radical step (equation 5) to the standard
sequence of initiation, propagation, and termination reactions.
The change in paradigm for this process was due mostly to work done by
Pearson and Martin involving a series of Hammett studies on substituted toluenes
wherein the succinimidyl portion of NBS was systematically changed.47 In all cases the
rho values for the reaction were identical within experimental error, indicating only
bromine atom participation in the atom transfer step.
0
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Scheme 1. Bloomfield mechanism for benzylic bromination by NBS with
succinimidyl radical as chain carrying species.12
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Scheme 2. Goldfinger mechanism for benzylic bromination by NBS with bromine
atom as the chain carrying species.
A similar situation had taken place for chlorinations involving tert-butyl
hypochlorite. This very effective chlorinating agent has been extensively investigated by
Walling.16 The fairly complex reaction mechanism shown in Scheme 3 involves both
hydrogen atom abstraction by chlorine atom and tert-butoxyl radical. The participation
of both species was elucidated by Walling and McGuinness.16 These workers observed
selectivity changes in the presence and absence of the chlorine atom trap,
trichloroethylene. Based on these observations they deduced a nearly equal degree of
participation between the two chain carrying radicals.13
t-BuOC1
t-BuO+ ArCH2 -H
ci+ ArCH2-H
HC1 + t-BuOC1
ArCH2-+ C12
ArCH2- + t -BuOCI
hv t-BuO + Cl (7)
t-BuOH + ArCH2 (8)
HC1 + ArCH2 (9)
t-BuOH + C12 (10)
Cl + ArCH2C1 (11)
t-BuO + ArCH2C1 (12)
Scheme 3. Benzylic chlorination with tert-butyl hypochlorite.
Recently photolytic benzylic hydrogen atom abstractions by
bromotrichloromethane have also undergone intense scrutiny on the nature of the chain
carrying species. For over a decade Huyser's proposal that trichloromethyl was the
species involved in the abstraction process, as shown in Scheme 4, went generally
BrCC13
C13C+ ArCH2-H
ArCH2. + BrCC13
hv
C13C + Br (13)
HCC13 + ArCH2 (14)
C13C + ArCH2Br (15)
Scheme 4. Mechanism for benzylic bromination by BrCC13.
uncontested.48,49 An alternative mechanism had been proposed on some occasions
(Scheme 5) that involved bromine atom participation, but explanations were found that
could discount this possibility.50,5114
BrCC13
hv C13C + Br (16)
ArCH2-H + Br ArCH2 + HBr (17)
C13C+ HBr HCC13 + Br (18)
ArCH2 + BrCC13 C13C + ArCH2Br (19)
Scheme 5. Alternative mechanism for benzylic bromination by BrCC13.
Investigations by Tanner and co-workers52,53 in 1973 resurrected the alternative
mechanism based primarily on benzylic hydrogen atom abstraction reaction rho values
that differed depending the reaction conditions. Reactions run in the presence of 20%
ethylene oxide or 10% potassium carbonate showed a rho value only 55% that of the rho
value for the reactions with no additive. This drop in selectivity was explained by
participation of the previously known equilibria shown in equations 17 and 18. Tanner
suggested that any extensive reversible abstraction by bromine (as in equation 17) would
mask the kinetic distribution of radicals as measured by changes in amounts of either
products or reactants. Since both of these added compounds are known to trap
hydrogen bromide, the process shown in equation 17 would be expected to be greatly
diminished by their presence. Bromine atom is well known as a very selective species;
thus, a decrease in the absolute value of rho would be consistent with its removal from
participation. This was taken by Tanner to be evidence that trichloromethyl was not the
major chain carrying species for this reaction. Additional support was given by
observed scrambling of isotopes between a,a,a-trideuterotoluene and toluene.52
Bromination by bromotrichloromethane of an equimolar mixture of the two toluenes
gave significant scrambling of the isotopes under photolytic conditions. This scrambling
decreased upon addition of the hydrogen bromide scavengers discussed above. Of the
possible reaction pathways that might produce this effect Tanner et al. eliminated15
hydrogen bromide catalyzed exchange, identity reaction exchange, and exchange
involving chloroform by experimental means. This left equation 17as the most plausible
explanation for the isotopic exchange. Again the addition of an HBr scavenger would
stop the reaction designated by equation 17 and therefore any isotopic exchange, as was
observed.
Table 5. Relative reactivity of primary, secondary, and tertiary benzylic hydrogen
atoms with BrCC13.
Additive Toluene:Ethylbenzene:Cumene Reference
none 1.0:50:288 51
none 1.0:50:260 53
potassium carbonate 1.0:10.2:29.9 53
ethylene oxide 1.0:10.4:28.1 53
Re-evaluation of experiments carried out by Russell and DeBoer51 also
demonstrated differences in selectivity of bromotrichloromethane with and without
hydrogen bromide traps for toluene, ethylbenzene, and cumene (Table 5). The
selectivity of trichloromethyl radical was found to be significantly less sensitive to the
structure of the substrate when these traps were utilized.
Gleicher et al. disputed the notion that bromine atom was the sole chain carrying
species based on several main points.54
1. Many studies of structure reactivity relationships in the literature allow for
direct comparison between benzylic bromination reaction selectivities for bromine atom
(e.g. NBS or Br2) and bromotrichloromethane. These comparisons consistently show
differing rho values for each.16
2. Energetically, hydrogen atom abstraction by trichloromethyl radical is
predicted to involve a greater change in enthalpy than bromine atom.52 Although
reaction rates are not dictated by thermodynamic factors, it is noteworthy that either
radical can propagate the chain reaction in an exothermic fashion.
3. Ethylene oxide is known to be very reactive to hydrogen atom abstraction
itself.55 Thus this additive may alter the selectivities of bromotrichloromethane bysome
method other than that simply involving a hydrogen bromide scavenger.
An effort was put forward to acquire data for benzylic hydrogen atom
abstractions from an unambiguous source of trichloromethyl radical. All attempts at
unambiguous generation of trichloromethyl radical from some new precursor were
unsatisfactory. Thus a reaction technique involving radical chain initiation by
thermolytic cleavage of AIBN was used that was felt to involve only trichloromethyl
radical in the abstraction process, as shown in Scheme 6.
((CH 3)2C(CN)-N=)2
(CH3)2C(CN) + BrCC13
Cl3C+ ArCH2-H
ArCH2+ BrCC13
2 (CH3)2C(CN) + N2 (20)
(CH3)2C(CN)-Br + C13C(21)
HCC13 + ArCH2 (22)
Cl3C + ArCH2C1 (23)
Scheme 6. Mechanism for thermal initiated benzylic bromination by BrCC13.
Hammett studies on benzylic hydrogen atom abstraction from substituted
toluenes were reported by Gleicher and co-workers at 70°C with several bromination
methods, including bromotrichloromethane, under both photolytic and thermal AIBN
conditions, and NBS.54 These values are in good agreement with other studies done at
50 °C. The results showed a strong dependence on the method of bromination. The rho17
values are all negative and correlate best with sigma-plus parameters as would be
expected if either of the two electrophilic radical species is the abstracting agent. The
selectivity can be seen in Table 6 to decrease on going from the known bromine source
(NBS) to hydrogen atom abstraction exclusively by trichloromethyl. Based on these
data, the degree of participation in the chain carrying step was estimated as being sixty
percent due to trichloromethyl radical. Since his earlier reports, Tanner had postulated
that, indeed, bromine atom may not be the sole chain carrying species in benzylic
brominations utilizing bromotrichloromethane under photolytic conditions.56
Table 6. Comparison of rho values with method of benzylicbromination at 70 °C.
Method
Substituent constants
sigma (ra) sigma-plus (ra)
BrCC13, AIBN -0.58(0.93) -0.38(0.98)
BrCC13, hv -1.09(0.92) -0.70(0.95)
NBS, hv -1.68(0.86) -1.17(0.97)
a) correlation coefficient
Comparisons were also made by Gleicher et al. involving the steric demands of
the radicals involved in thermal or photoinitiated hydrogen atom abstraction.54 The data,
compiled in Table 7, indicate that AIBN initiated reactions show a higher degree of
sensitivity to steric effects and a lessened sensitivity to electronic effects. These results
are consistent with trichloromethyl radical being the primary, if not sole, chain carrying
species. Trichloromethyl radical, being a more reactive and sterically larger species than
bromine atom, would be expected to behave in just the manner observed.18
Table 7. Relative rates for thermal and photoinitiated reaction of unsubstituted
alkylbenzenes with BrCC13 at 70 °C.
Substrate BrCC13 (hv)b
krela
BrCC13 (AIBN)c
cumene 6.49± 0.20 4.51 ± 0.24
sec-butylbenzene 30.12± 0.13 2.02 ± 0.08
3-phenylpentane 1.10± 0.13 0.57 ± 0.03
ethylbenzene 1.00 1.00
n-propylbenzene 0.79± 0.06 0.61 ± 0.02
isobutylbenzene 0.27± 0.01 0.43 ± 0.03
neopentylbenzene 0.02± 0.004 <0.006
a)All results statistically corrected for number of benzylic hydrogens.
b)Values taken from reference 57.
c)Values taken from reference 54.
The reactivities of radical reactions are primarily dependent on the electronic and
steric properties of either the reacting radical or the resulting radical product. On first
inspection one might not expect solvent effects to play a significant role in the kinetics of
radical reactions. Radicals are a neutral species, and changes in solvent polarity would
not be anticipated to result in any significant stabilizing effect. Early in the history of
free radical chemistry, however, Russell discovered a curious effect of solvents on the
hydrogen atom abstraction reactions of chlorine atom.58 Russell observed changes in the
selectivity of chlorine atom in abstraction of hydrogen atom from tertiary and primary
positions of 2,3-dimethylbutane (DMB) on variation of solvent (equation 24). These
results were independently confirmed by Walling and Mayahi.59I
CH 3 CI H 3
CH 3CC-- CH 3
I I
H H
a2
hv
I
CH3CI H3
CH 3CCCH 3
I I
CIH
Table 8 shows the quantified relationship.
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I
CH3 CI H3
CH 3CCCH 2a(24)
HH
Table 8. Photochlorination of 2,3-Dimethylbutane at 55 °C.58
Solvent (4.0 Molar) Re. react.
(3 °I1 °)a
2,3-Dimethylbutane 3.7
Carbon tetrachloride 3.5
Methyl acetate 4.3
Nitromethane 3.4
Trichloroethylene 3.4
Propionitrile 4.0
Nitrobenzene 4.7
Benzoyl chloride 6.4
Benzotrifluoride 6.9
Chlorobenzene 10
Benzene 14
Benzene (25°C) 20
o-Xylene 15
Mesitylene 17
t-Butylbenzene 24
1-Chloronaphthalene 37
a. statistically corrected.20
Aromatic solvents were found to greatly increase the selectivity of chlorine atom.
Due to the nature of the solvent, the change in selectivity was proposed to be due to the
formation of a pi-type complex of the chlorine atom with the benzene ring. Aromatic
solvents were (and are) well known for their ability to form weak van der Waals
complexes with bromine and iodine atoms or molecules.60 These complexes are due to
interaction of the halogen with the pi-electrons of the aromatic system. This led Russell
and Brown to predict the possible existence of a selective chlorine atom complex a year
before its actual discovery.61
This chlorine atom pi-complex, being more stable than free chlorine atom, is
therefore a much more selective species. The added stability arises from the potential
delocalization of the odd electron into the pi-system of the benzene ring to form charge
separated species (Figure 3). This is essentially an example of a donor-acceptor charge
transfer complex.60 Form V would be expected to be the major contributing form of the
two charge separated species due to the high electronegativity of chlorine. The charge
separated canonical form also explains the wide range of stabilizing ability of the various
substituted benzenes in the study.
sOC I
V
CI
VI
ec
I
VII
Figure 3. Canonical forms for the chlorine atom-benzene pi-complex.
This theory remained uncontested for approximately thirty years. Experiments
carried out by Skell, however, raised doubt to the validity of the chlorine pi-complex as21
being the selective species involved in chlorination reactions.62 Skell and co-workers
discovered a relationship between the selectivity of primary versus tertiary hydrogen
atom abstraction from DMB and the concentration of that substrate. A change in DMB
concentration from 2.0 M to 0.2 M, at a constant benzene concentration of 4.0 M, led to
nearly a three fold increase in selectivity of the primary versus tertiary position. This
was unexpected based on the view that the pi-complex was in rapid equilibrium with
chlorine atom and benzene. Skell suggested that at low DMB concentrations the
selective species was the more strongly bound sigma-complex, chlorocyclohexadienyl
radical (CCH), depicted below as form V111.62 Higher substrate concentrationswere
envisioned to involve either pi-complexed chlorine atom or "free" chlorine atomas the
abstracting agent.
VIII
Chlorocylclohexadienyl radical
(CCH)
Subsequently, Skell and Baxter discovered (and Raner, Lusztyk and Ingo ld as
well as Tanko and Anderson later confirmed63) a peculiar relationship of the distribution
of chlorinated products to the concentration of substrate.64 In neat cyclohexane the
product of chlorination was found to include only 6% polychlorinated products. On
dilution to 0.030 M cyclohexane in CC14, polychlorination increased to 56% of the
product mixture. If benzene was used as solvent the degree of polychlorination was22
reduced to near zero. These results were explained as a solvent cage wall effect.
Reaction of the newly formed alkyl radical (from hydrogen atom abstraction) with
molecular chlorine would result in chlorine atom and alkyl chloride as a geminate pair.
At this point the chlorine atom can react with one of the cage molecules (of which one is
the alkyl chloride) or it can diffuse out of the cage. The reaction with alkyl chloride
would be slower due to inductive effects. Therefore, at high substrate concentrations the
solvent cage would contain primarily substrate, and monochlorination would be
preferred. At low substrate concentration the effective concentration of monochlorinated
substrate relative to chlorine atom would be increased, since the solvent walls would
consist primarily of inert solvent molecules. Under these conditions the geminate alkyl
chloride would be able to complete for hydrogen atom abstraction. The lack of
polychlorination when benzene is used as solvent suggests that benzene is a reactive
molecule capable of competing effectively with the monochlorinated substrate for
reaction with chlorine atom.
Early pulse radiolysis spectroscopic studies of the chlorine-benzene complex
showed a wide transient absorption centered at 490 nm and was attributed to the charge
transfer band of the chlorine pi-complex.64 Bunce et al., using laser flash photolysis,
found a similar spectrum with a narrow band at 320 nm and the wide band at 490 nm.65
These bands did not change in intensity relative to each other at various temperatures
and, therefore, were believed to be derived from one species. Spectroscopic
measurements of cyclohexadienyl radical gave a transient absorption band at 525 and
555 nm. Based on the dissimilar spectrum with a known sigma-complex and the
traditional interpretation of the 490 nm band as a charge transfer band, the spectrum was
identified as the pi-complex.
Subsequent studies by Skell et al. involving the effects of various additives and
isotopic substitution again challenged the existence of the pi complex.66 Specifically,23
maleic anhydride was found to decrease the selectivity of chlorination of DMB. It also
reacted with the selective chlorine species to give addition products IX and X. Theseare
believed to be generated from attack by CCH. Skell also states thata comparison of the
expected spectrum of CCH with the known cyclohexadienyl species is invalid in view of
the strong perturbing effect anticipated for the chlorine atom.66 The authors felt that the
effect of chlorine on the absorption characteristics of CCH may indeed account for
observed difference in the spectra of cyclohexadienyl and that of the chlorine atom-
benzene complex. Although the transient spectrum of the chlorine atom-benzene
complex has been used effectively to determine rate constants for the selective species,
its identity has not been resolved.
IX
Benson has estimated AH. and AHf for the benzene-chlorine atom complex
from the reported equilibrium constant and estimated entropy changes.67 These both
coincide with that estimated for CCH. Benson's calculations indicate that, based on
thermodynamic data and kinetic data for the complex, CCH is the species observed
spectroscopically by flash photolysis.
Halogen-benzene pi-complexes typically have binding energies of less than -2.0
kcal/mo1.67 Benson's calculations suggest an upper limit of molecular chlorine binding
to benzene of -1.9 kcal/mol. Calculations based on the available kinetic data gives a
corresponding value of -4.5 kcal/mol for the chlorine atom pi-complex. This latter value
for the pi-complex would give it the same free energy as CCH. Over a 70 °C24
temperature range Benson predicts a five fold change in the relative amount of the two
complexes. However, this was not observed in the spectroscopic data of Bunce et al.65
Benson believes the pi-complex bonding energy to be closer to 1.5 ± 0.5 kcal/mol. This
would give a AG° of ± 0.5 kcal/mol and K300 = 1 M-1. Thus, the concentration of the
pi-complex would be about 0.5% that of CCH rendering it spectroscopically invisible.
Benson also argues that Skell is incorrect in assuming that CCH is a molecule
capable of atom abstraction. No evidence exists that any similar sigma-bonded species is
capable of functioning as an atom abstracting agent.68 On the time scale required, CCH
is seen to be unreactive toward abstraction; but, it can decompose quickly to the pi-
complex, which is the reactive species. The 1-2 kcal/mol binding energy for this species
would be enough to account for the observed selectivity.
In conclusion, three species exist in equilibrium. The longer lived, but
unreactive, CCH radical can serve as a vehicle for chlorine atom. The pi-complex
represents a metastable intermediate that is a selective abstracting species, and free
chlorine atom is a much less selective abstracting species. In view of the fact that
bromine and iodine atoms are known to have stable pi-complexes but unstable sigma-
complexes, and whereas fluorine forms only sigma complexes with benzene, it seems
reasonable that chlorine atom would form both types of complexes.25
Part I.Solvent effects in the addition reactions of electrophilic carbon
centered radicals to 4-aryl-l-butenes.
Discussion of Problem
The vast majority of scientific work on the subject of radical pi-complexation has
been in terms of radical stabilization factors involving intermolecular hydrogen atom
abstraction reactions. One could, however, imagine a case where the radical pi-complex
was directly linked to the ultimate reaction site (Figure 4); either in an addition
Reaction Site
Rad
Figure 4. Generalized intramolecular transfer of a pi-complexed radical to the reaction
site.
or abstraction reaction. Initial studies of this type were first realized by Martin and
Gleicher in addition reactions of substituted allylbenzenes and substituted 4- phenyl -l-
butenes with bromotrichloromethane.69 In these systems the formation of the radical pi-
complex is believed to be rapid. Once formed the complexed radical is transferred
intramolecularly to the terminal double-bond in the standard fashion as shown in
equation 25. These studies demonstrated a striking dependence on the length of the alkyl
chain interlinker and modest substituent effect.69a(CH 2)nCH = CH 2
+BrCCI 3
hv
Br
(CH 2)nCHCH 2CCI 3
(25)
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Due to the nature of the intermediate radical-arene pi-complex, structural changes
in the alkyl portion of the molecule would be expected to moderate the relative rate of the
radical transfer and thus the measured relative rate. Table 9, on the following page,
illustrates this trend in relative reactivity. The difference in reactivity peaks for addition
when two methylene groups are situated between the complexing moiety and the reactive
site (structure XI, n = 2). This is consistent with the geometry of a pi-complex
Figure 5. Best conformation for transfer of pi-complexed trichloromethyl radical to
terminal carbon-carbon double bond.
rather than the sigma complex previously discussed. Thus, the system in the series
generalized by form XI that is capable of adopting a conformation that best corresponds27
to the transition state for radical addition to a terminal alkene (as shown in Figure 5) will
react faster. Those with shorter chains cannot reach the complexed radical; longer chains
are either conformationally misalligned or entropically unfavorable.
XI
n
XII
Table 9. Relative rate constants for the addition and abstraction reactions of
bromotricholormethane at 69.5 °C.
n
rel. rate69a
of addition to
series XI
rel rate70
of abstraction from
series XII
1 1.00 1.00
2 1.22± 0.04 2.01±0.11
3 1.13± 0.02 2.40± 0.14
4 1.10± 0.03 2.51± 0.25
5 1.00± 0.02 3.17± 0.16
6 0.82± 0.01 2.89± 0.10
7 2.60± 0.14
This trend in reactivity versus chain length is also in evidence with reactions
involving hydrogen atom abstraction.70 In this case the pi-complexed radical abstracts a
hydrogen atom from a reactive site located on the same substrate molecule. Early studies
by Russell et al. utilizing chlorination of n-butylbenzene attempted to assess the28
importance of this phenomenon.71 The ratio of 2-chloro-l-phenylbutane to 3-chloro- 1-
phenylbutane in the product mixture as a function of dilution is constant in allcases.
This could indicate that either no complexed radical transfer is involvedor the transfer is
an indiscriminate process. One other possibility is that the system chosen may be less
than optimum. Chlorine atom is a highly reactive species and most hydrogen atom
abstraction is occurring at the benzylic position rather than the two positions at which
reactivity is being measured. Newkirk, Gleicher and Koch studied reactions involvinga
series of am-diphenylalkanes (generalized by XII) under conditions of hydrogen atom
abstraction with bromotrichloromethane.70 In this series of experiments the abstracting
radical is complexed to a molecule that contains a distal benzylic reaction site. Therefore,
measurement of the relative rate with increasing alkyl chain length should be important.
Indeed, the results are similar to those for w- phenyl -l- alkenes, except that longer chain
lengths are required to give the maximum relative rate.
Variations in the electronic nature of the radical pi-complex have also been
studied. Change of substituents on the phenyl ring give rise to a Hammett rho value of
-0.20 in the case of addition reactions of bromotrichloromethane to 4-pheny1-1-
butenes.69b,c The negative value is consistent with the electrophilic nature of
trichloromethyl radical and the charge separated resonance form of the pi-complex. This
substituent effect combined with a much diminished value for a similar study of co-
substituted 1-alkenes adds weight to a mechanism involving initial formation of a radical
pi-complex followed by transfer to the terminal alkene.'H3
CH 3C cH 2a-i 2 CH 2
+ BrCCI 3
CH 3 Br
CH 3C CH 2CH 2-CH
hv
+ HCCI 3
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Hammett studies were also conducted on the parallel hydrogen atom abstraction
reaction. Newkirk and Gleicher used a series of 4- methyl -1- phenyl -4 -(4- substituted
phenyl)pentanes (equation 26) to evaluate the electronic properties for this reaction.72
Methyl groups block the benzylic site of the substituted phenyl ring, thereby excluding
hydrogen atom abstraction at this position. The only complexed radical capable of
intramolecular benzylic hydrogen atom abstraction is that complexed to the substituted
ring. Reaction was found to only take place at the benzylic site. A Hammett rho value
of -0.40 was found for the series. Compared to a rho value of -0.53 for hydrogen
abstraction from ethylbenzenes by trichloromethyl radical at 80°C, this value is quite
large. Abstraction from ethylbenzenes involves direct interaction with the reaction site,
while the transfer reaction does not. If one considers a Taft fall-off factor of 2.8 for each
methylene unit separating the reaction site from the substituent, the rho value predicted
would be -0.02. While this may represent an exaggeration, it does indicate that the rho
value observed is unexpectedly large.
Newkirk and Gleicher also studied a series of 1- phenyl -4- substituted butanes
under the same conditions in order to quantify any potential long range substituent
effects.72 Application of a Taft type correlation gave a rho value of -0.32, indicating
some degree of long range induction. A re-evaluation of the 4-methyl-l-pheny1-4-(4-
substituted phenyl)pentane data was done. A correlation utilizing those Taft a*
parameters obtained from 29 Si-H NMR coupling constants73 resulted in a rho value of30
-1.54. Clearly the magnitude of this value is beyond the explanation ofa simple through
bond long range inductive effect. If the rate of hydrogen atom abstraction from each of
the compounds is nearly the same, then differences in relative reactivity should bea
function of the extent of radicals complexed. Those compounds that shift the initial
radical complexation process to the right will react faster.
The previous studies indicate a relatively high degree of participation bya reaction
mechanism involving an initial formation of a pi-radical complex followed byan
intramolecular reaction of the complex on a reactive site. The design of the current work
involves two areas of experimentation. First, a geometric dependence has been
demonstrated for the transfer of the complexed radical to the reaction site of co-
phenylated terminal alkenes. The compounds best suited to examine this property
should be 4- aryl -1- butenes. These compounds are most efficient at transferring pi-
complexed radicals and are less susceptible to hydrogen-atom abstraction processes than
the corresponding allylbenzenes. Due to their higher selectivity, differences in the
relative rate resulting in changes of geometry or electronic features should be larger and
thus easier to measure. Each 4- aryl -1- butene would be reacted in competition with a
nonaromatic reference compound. Subsequent measurement of the relative selectivity
could then be directly related to the pi-complexing ability of the aryl group. The alkene,
1-undecene, was chosen as a reference since as terminal alkene, the pi-bond should have
a nearly identical accessibility to that of the 4-aryl -1-butenes. The simplest system of
this type capable of aromatic pi-complexation would be 4- phenyl -1- butene (X111). This
compound would represent the quintessential pi-complexing system and therefore serve
as a base for comparison with other systems. The remaining two compounds would
then contain phenyl rings arranged in two specific orientations relative to the terminal
vinyl group. One compound, 4,4,4- triphenyl -l- butene (XIV), conforms to a geometry31
that allows for transfer of the complexed radical. The other compound, 9-allyltriptycene
(XV) does not.
XIII XIV
4- phenyl -1- butene 4,4,4-tripheny1-1-butene
XV
9-allyltrypticene
The orientation of the three phenyl rings in the triptycene rings system is
constrained by the methine carbon. This should effectively result in a radical pi-complex
that is spatially unable to transfer the radical species to the double bond. The 4,4,4,-
triphenylbutene allows for complexation that should give an orientation of the half-filled
p-orbital of the radical toward the pi-cloud of the terminal double bond that would
facilitate transfer. Triphenylbutene might even surpass the selectivity shown by 4-
phenyl-l-butene. However, this case is rather difficult to predict a priori. With three
phenyl rings, compound XIV is not expected to be inductively equivalent to XBI. The
electron withdrawing inductive effect of the phenyl rings on the terminal double bond in
system XIV may be strong enough to significantly reduce the rate of addition.
The differences in reactivity due to inductive nonequivalence can be circumvented
by use of various alternant aromatic hydrocarbons. The alternant systems are all
inductively equivalent no matter the position of substitution.74 Therefore, the effect of
increasing the polycyclic nature of the aromatic moiety on ease of radical pi-complex
formation could be studied without inductive variability. Again, 4- aryl -1- butenes were
selected to analyze this effect. Based on the work by Russell on chlorination reactions,
pi-complexation ability should increase with increasing delocalization. Moreover, since32
the pi-complex is felt to involve a significant amount of charge transfer, a dependence of
selectivity on the energy of the HOMO should be expected.58 Systems having a higher
HOMO energy should be better electron donors and better able to stabilize the charge
transfer resonance form, see Figure 4. As a result of higher HOMO energies, larger
polycycles would be expected to show ever increasing selectivity over 1-undecene. The
added stability of the pi-complex will increase the value of the equilibrium constant for
its formation and this should lead to an increase in selectivity. A dependence on the
HOMO energy should render the relative selectivity of isomers of an aromatic system
nearly identical. Differences in selectivity among isomers of the same aromatic family
should also be slight, due to the inductive equivalence of any position of the aromatic
system. An equal electronic effect would be transmitted to the terminal double bond for
all systems. For example, either isomeric 4- naphthyl- 1- butene would be expected to
show a higher degree of selectivity toward radical addition than 4- phenyl -l- butene.
The second portion of these studies would analyze the nature of radical addition to
a series of 1- aryl -2- phenylethenes. These experiments are suggested from studies by
Cadogan and Duell on trichloromethyl radical additions to monosubstituted stilbenes.75
Cadogan and co-workers found a regiochemical dependence on the substituent involved.
Stilbenes containing electron donating substituents were found to react faster than the
parent compound. This is consistent with similar previous studies. Unsymmetrical ly
substituted stilbenes can lead to two possible regioisomers upon addition of
trichloromethyl radical, as shown in Scheme 7.X
4-.0O3
k1
k2
Scheme 7. Regiochemical consideration of trichloromethyl radical addition to
substituted stilbenes.
(27)
(28)
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Cadogan discovered that the trichloromethyl group was consistently bonded to the
benzylic site of highest election density.74 The radical formed from the initial addition of
trichloromethyl radical produces a benzylic radical adjacent to the ring of lower electron
density. A rho value was determined from the ratio of k1 to k2 versus the sigma-zero
function. The result of +0.23 is unexpected, as the radical formed from trichloromethyl
addition would be better stabilized if adjacent to an electron rich substituent. This can be
conveniently explained if the addition process is preceded by a radical pi-complex.
Formation of the complex would be favored on the electron rich ring. Once formed, the
radical could be transferred to either the alpha or beta carbon atom. Since the alpha
carbon is more accessible than the beta, transfer of the radical to that site results in the
new radical site adjacent to the electron poor ring.
Radical pi-complex formation is not just dependent on the electron density
inherent in an aromatic ring system. The degree of delocalization involved in the ring
system is also a factor; with more delocalized systems being better able to form
complexes. Examination of this effect in the light of Cadogan's studies would be
possible. A series of 1-aryl -2-phenylethenes would be reacted with34
bromotrichloromethane. As seen in the aforementioned systems, there exists the
potential for two regioisomers to be produced from the radical addition process (as well
as four diastereomers). Reaction may proceed by initial pi-complexation of the radical,
followed by movement along the pi-cloud (a slithering) to the reaction site (Figure 6).
Styrenylarenes containing polycyclic aromatic groups may be expected to form a radical
pi-complex faster than stilbene and thus give rise to addition on the PAH side of the
double bond. This is illustrated in path A of Figure 6. Initial pi-complexation of
trichloromethyl occurs predominantly with the naphthyl moiety (XVI). Movement of the
complexed radical to the proximal carbon of the double bond leads to product XVII.
a a
path A
XVI
XVII
XIX
Figure 6. Two possible modes for addition of bromotrichloromethane to (E)-1-
naphthy1-2-phenylethene.35
Control over regiochemistry by an initial pi-complex model can be contrasted with
control by a model based on the stability of the benzylic type radical resulting from
addition. The resulting carbon radical would be in conjugation with an aromatic species
in either regioisomer. The most stable of these would be that which has the ability to
delocalized the odd electron most effectively. Figure 6 path B may involve an fast initial
equilibrium to form the pi-complex with the phenyl moiety followed by a slower addition
to the 2-carbon of the ethylene unit to result in product XIX. The latter model, therefore,
leads to the opposite regiochemical prediction, as illustrated in Figure 6b. Since
formation of the pi-complex can occur with either aromatic unit, the regiochemistry will
be governed by equilibrium factors. Regiochemistry can now depend on the mode of
transfer of the complexed radical. The carbon beta to the aromatic unit involved is
particularly unfavorable for transfer, militating for the previously mentioned "slither"
process. If the direct addition process is involved, control of regiochemistry should be
determined by the most stable radical generated by addition. The above Figure 6 involves
reaction with trichloromethyl radical, but other radicals would be expected to react in a
similar manner.
ArCH 2CH =CH 2+RSH
hv ArCH 2CH 2 CH2
or SR
(29)
Initially, p-chlorothiophenol was chosen as the radical precursor to be used in
these studies. Reactions involving phenylthiyl radical additions to double bonds are well
known and proceed to give the usual anti-Markovnikov regiochemistry, as shown in
equation 29. Furthermore, the electronic nature of the pi-complexation reaction could be
probed by utilizing a series of substituted thiophenols. Previous studies with this36
particular radical precursor in competition reactions between 4- phenyl -1- butene and 1-
octene yielded a relative rate of 1.24.76
Results and Discussion
Preparation of Compounds
The 4- aryl -1- butenes could be synthesized via several routes. All compounds,
save 4- (9- anthracyl)- 1- butene and the 9-allyltriptycene, were generated by a Grignard
cross-coupling method, as summarized in Table 10. This generalized techniquewas
modified by using various catalysts to affect the most efficient coupling. The Grignard
cross-coupling reactions involved either one of two methods. Initial approaches
involving allyl magnesium bromide and halomethylareneswere utilized for the synthesis
of 4-phenyl -1-butene and 4,4,4-tripheny1-1-butene.77 These compoundswere
synthesized under the conditions shown in Scheme 8 with no added catalyst. Coupling
was not particularly efficient for the phenylbutene case and no doubt could have been
Br Mg Mg Br
Et2 0
cat. Mg Br ArCH2X
(30)
Ar(31)
Scheme 8. Grignard coupling reaction of ally! magnesium bromide witha
halomethylarene.37
Table 10. Specific conditions and yields for the Grignard coupling reaction of allyl
magnesium bromide with a halomethylarene.
Aromatic grp. X catalyst yield
phenyl CI none 18%
triphenyl Cl none 98%
1-naphthyl Br Li2CuCL4 70%
2-naphthyl I 1-12a1a4 78%
improved with use of the catalysts employed in later couplings. Reaction to produce the
4,4,4- triphenyl -1- butene was, however, quite efficient with no catalyst. In order to
improve the yield of the two naphthylene systems, the Li2CuC14 catalyst was used with
good results.78 Extension of this method to anthracene systems was not possible.
Reaction of allyl magnesium bromide with 9-bromomethylanthracene gave significant
amounts of a reaction product apparently due to SN2' attack at the 10 position of
anthracene, as ascertained by 1H NMR studies. The suspected reaction mechanism is
illustrated in equation 32. This compound could not be separated from the desired
product.
(32)
The use of this method with 1-bromomethylanthracene gave primarily the
symmetric coupling product; 1,2-di-(1-anthracyl)ethane. In order to circumvent the lack38
of cross-coupling in the reaction with this halomethylarene,a Grignard addition was
utilized. Scheme 9 shows this reaction where allyl magnesium bromidewas added to the
corresponding arenecarbaldehyde to give the appropriate alcohol, whichwas then
subsequently reduced. The initial reduction utilized triphenylphosphine and iodine.79
This reduction method worked well on a pilot reaction with 1- phenyl -3- buten-1 -ol and
on the alcoholic product obtained from 9-anthracenecarbaldehyde; however, the alcohols
generated from carbaldehydes of all other arenes (save the naphthalenes, whichwere not
tried) failed to give a product consistent with the properties of 4-aryl -1-butenes.
OH
ArC
FR13, 12
PhH,A A
(33)
(34)
Scheme 9. Synthesis of 4-aryl -1-butenes via Grignard addition of allyl magnesium
bromide to an aryl carboxylates.
Instead, the most nonpolar fractions taken from flash column chromatography showed
no alkyl signals in the proton NMR. The identity of this product has, to date, evaded
elucidation. Other attempts at reduction of these alcohols, such as lithium aluminum
hydride reduction of the corresponding tosylates failed to give the desired product.80
The second approach for preparation of the remaining compounds involveda
cross-coupling using the 1,2-bis(diphenylphosphinoethane) Ni(lll) chloride catalyst to
join the appropriate haloarene to the Grignard reagent derived from 4-bromo-l-butene.81
This method was clean and efficient.The 4-bromo-l-butene is commercially available;however, it was produced in the laboratory by a standard Grignard technique (Scheme
10, equations 35-36).82
Mg Br1. Paraformaldehyde/Et20
2. H30+ OH(35)
PBr3
Br CHHCCI3, pyridine)1
Mg, Et20
Br
Ar Br +
MgBr
MgBr
Ni(I1)cat
TI-F Ar
Scheme 10. Synthesis of 4-aryl -1-butenes by Grignard coupling of 1-butenyl
magnesium bromide with aryl bromides using Ni(11) catalyst.
(36)
(37)
(38)
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The 9-allyltriptycene was prepared by an aryne reaction.83 Benzyne, produced in
situ from diazotized anthranilic acid, underwent a 4+2 Die ls-Alder reaction with 9-
allylanthracene to give rise to the triptycene skeleton (equation 39). This reactionwas
very effective once adjustments were made to the stoichiometry of anthranilic acid. A
competing 'ene' reaction at the terminal double bond was favored by high concentration
of benzyne.
n-Butyl nitrite
THE (39)
A variety of radical precursors were used in these studies. Diethyl bromomalonate
(DEBM) was prepared via direct bromination of the parent ester by the method of Palmer40
and McWherter.84 Diethyl iodomalonate (DEIM) was prepared byan oxidative
iodination of diethyl malonate utilizing pyridinium dichromate (PDC), molecular sieves,
and iodine.85 This procedure never resulted in complete conversion, although the DEIM
was the only product of the reaction. Separation of DEIM from the parent ester was not
attempted since the iodine compound decomposed under conditions of either distillation
or silica gel chromatography. The presence of diethyl malonate, however, should pose
no problem in the subsequent kinetic experiments. DEIM can be stored for weeks at
temperatures near 0 °C with only slight decomposition, as evidenced by a change in
color. Diethyl iodomethylmalonate was prepared via the Finkelstein method by reaction
of sodium iodide in acetone on diethylbromomethylmalonate.86 Initial reaction did not
give complete conversion. However, the reaction could be forced toward completion by
isolating the iodide-bromide mixture and performing the reaction again. Several cycles
resulted in a reasonable excess of the product, although not all of the parent bromide
could be removed in this fashion. The bromide could not be separated and the mixture
of the two was used in the kinetic experiments.
The bromide of Meldrum's acid was synthesized from malonic acid.87 Scheme 11
illustrates the sequence of reactions. Malonic acid was reacted with acetic anhydride and
acetone to give Meldrum's acid in 49% yield. Bromination was accomplished by
reaction of Meldrum's acid with bromine in the presence of aqueous sodium hydroxide
to give the desired product in 36% yield.41
0
OH OH
0
Ac.20, Acetone (40)
(41)
Scheme 11. Synthesis of 2-bromoisopropylidenemalonate (bromoMeldrum's acid).
The (E)- 1- aryl -2- phenylethenes were prepared via Wittig syntheses from the
corresponding arylmethyl triphenylphosphonium bromide and benzaldehydeor benzyl
triphenylphosphonium chloride and the appropriate arenecarbaldehyde.88 This typically
resulted in a mixture of the E and Z 1-aryl -2-phenylethenes whichwere isomerized with
iodine to the pure E isomer.89 This is shown in Scheme 12.BuLi/THF + Fh3P CH2Ar Br
12/mesitylene
A
Scheme 12. Wittig synthesis of E-1-aryl -2-phenylethenes.
Discussion of Kinetic Results
(42)
(43)
(44)
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The use of sulfur centered radicals for the addition process was found to be a poor
choice. The p-chlorothiophenol used initially in the studies resulted in relative rates that
varied widely among replicate runs. Attempts were also made to utilize other thiols.
Both methyl thioglycolate and 1-thiooctane also showed little reproducibility. Methyl
thioglycolate also appeared to undergo reaction before thermolytic initiation was begun.43
Even more disturbing, addition reactions involving radicals derived from
sulfhydryl compounds are known to be reversible (equation 45).90 Thisprocess would
have the effect of destroying any information of the true kinetic distribution of products.
The equilibrium would ultimately result in a thermodynamic distribution of products and
may show variability with time depending on the rate at which equilibrium was reached.
RS
(45)
Consequently, diethyl bromomalonate was chosen as the radical precursor.
Reasons for this choice are three fold. Firstly, additions of diethyl bromomalonate to
terminal alkenes is a well known process.91 The "anti-Markovnikov" addition process
of this reaction was first recognized by Kharasch and is shown in equation 46.92
Secondly, the electronic and steric properties of the diethyl malonyl radical have been
previously studied in detail.93,94,95 Thirdly, since additions of most carbon centered
radicals are irreversible, the problems associated with thiyl radicals may be
circumvented.
ArCH2CH2CH= CH2+
IO2Et
Br CH
CO2Et
initiator
or hv
CO2Et
ArCH2CH2CH OH 2- CH
CO2Et Br
(46)
In order to establish a justifiable kinetic relationship for the competitive radical
addition reactions of the various alkenes involved, clear knowledge of the reaction routes
leading to the disappearance of these starting materials must be obtained. Although
many potential routes exists, some may be ruled out by literature precedents. Other44
routes may be eliminated or their degree of participation determined by experiment. The
most likely reactions of any radical with 4-aryl -1-butenes are illustrated in Scheme 13.
+ Z
+ Z
+ Z
+ ZH
+ ZH
(47)
(48a)
(48b)
(49)
(50)
Scheme 13. Potential reaction pathways for the reaction of malonyl radical with 4-
phenyl-l-butene. Z = CH(CO2Et)2
The possibilities include the desired addition reaction (equation 47), addition to the
aromatic ring (equation 49), allylic or benzylic hydrogen atom abstraction (equations 48a
and 48b), and polymerization (equation 50). The addition of both electrophilic and
nucleophilic radicals to phenyl rings has been found to be a very slow, if not a
nonexistent process.96 Both anthracene and phenanthrene have reactive positions that
could give rise to added reactivity of the ring. As these reactions were never
accomplished, it's a moot point at best. Hydrogen atom abstraction has the potential to
be a significant competing reaction. This is particularly true of polycyclic aromatic45
compounds due to the existence of reactive benzylic and allylic sites. Despite this,no
peaks were detected by gas chromatography (GC) which would be consistent with
formation of the halogenated 4-aryl -1-butene or subsequent dehydrohalogenated
products with any of the radical precursors used in these studies when a thermal
initiation process was utilized. Non-brominated parent ester was also not observed.
This is consistent with the results of Gleicher and Martin for reactions of
bromotrichloromethane with substituted 4-phenyl-1-butenes.69
Polymerization and coupling reactions have been demonstrated to be of little
importance for the case of 4-phenyl-1-butene.97 The experimental conditions involved
would also disfavor polymerization reactions. A twofold excess of the haloalkane
radical precursor to total amount of alkenes was maintained for nearly all reactions. The
concentration of alkenes was also much lower than those of other previously reported
intramolecular transfer reactions. Both factors would tend to discourage polymerization.
Experimental results for the reactions involved in this study are consistent with a low
degree of alkene loss due to polymerization. Analysis of the product mixture by 1H-
NMR spectroscopy indicated that 97% of the alkenes are converted to the expected anti-
Markovnikov addition product. Material balances of alkenes in most cases were close to
unity. Total material balances of some reactions indicated a high degree of reaction of
the radical precursor relative to the alkenes. This, while unusual, cannot indicate
polymerization. Based on literature precedents and experimental evidence, the primary
route of reaction is that of terminal addition of the radical to the alkene moiety. It is
reasonable therefore, to assume that no corrections need be made to the kinetic analysis
of the reaction systems studied.
In the kinetic experiments a series of 4-aryl -1-butenes was allowed to compete
with 1-undecene for a given radical. If it is assumed that pi-complexation is a fast,
reversible process, then the kinetic equations are rather straightforward. Scheme 1446
illustrates the postulated series of fundamental steps that makeup the reaction course for
both alkenes. This scheme represents the kinetic route for the specific example of 4-
phenyl-l-butene competing with 1-undecene for trichloromethyl radical; however,any
other set of arylalkene, radical precursor, and 1-undecene could be treated ina similar
manner.
A
Q
+ Q
K3
k4
+ XQ
k5
C
k6
C9 H19
C9H19 + Q.
B
(51)
(52)
+ Q
(53)
(54)
Scheme 14. Mechanism for radical pi-complexation followed by intramolecular
transfer of the complexed radical.47
The relative rate is related to the equilibrium constant for the pi-complextimes the
rate of intramolecular transfer to the double bond versus the rate of additionto the alkene
unit of 1-undecene as described in equation 55.
kK 3- k 4
k0k6
(55)
The two alkenes were reacted at relatively high dilution and in two different
solvents. Dilution of the reaction mixture shouldencourage the desired intramolecular
transfer, rather than transfer of the complexed radical to the double bond of1-undecene
in an intermolecular fashion. The dilution was accomplished by using eithera
complexing solvent or a noncomplexing solvent. A complexing solvent, suchas
benzene, should result in the exclusive generation of benzene complexed radicals. In
this case reaction of either alkene would primarily involve this species, overwhelming
any rate enhancement due to intramolecular processes. Thus, comparison of the two
relative rates should provide an assessment of the degree to which pi-complexation is
involved in the system.
The results for the first three compounds studies are show in Table 11. Upon
initial examination the data appears fairly straightforward and can readily be explained by
intramolecular transfer of a complexed radical. The 4- phenyl -1- butene, whilenot
showing a significant difference in reactivity between the two solvents,serves well as a
reference for comparison to the other compounds. As would be expected fora
compound with more pi-complexing sites, the 4,4,4- triphenyl -l- butene ismore reactive
than phenylbutene in cyclohexane. This effect is eliminated when the reaction is carried
out in benzene. The lower reactivity in benzene for the triphenyl compound relative to
phenylbutene may be explained by a greater electron withdrawing effect by the three48
phenyl groups on the double bond. The 9-allyltriptycenealso shows the predicted
behavior with low relative reactivities for both solvents. Again,the lower reactivity
relative to 4-phenyl -1-butene may be due to electronic withdrawingeffects by the phenyl
groups.
Table 11. Relative reactivities for 4-aryl-1-butenesvs 1-undecene with diethyl
bromomalonate.
Compound Solvent Material balance
benzene cyclohexane benzene cyclohexane
4-phenylbutenea0.97 ± 0.01 1.06 ± 0.01 0.87-0.91 0.96-1.04
4-phenylbuteneb0.51 ± 0.13 0.48 ± 0.13 0.15-0.30 0.13-0.60
triphenylbuteneb0.85 ± 0.14 1.83 ± 0.08 0.43-0.55 0.39-0.58
9-allyltriptyceneb0.38 ± 0.05 0.25 ± 0.04 0.19-0.28 0.09-0.26
a. initiated thermolytically with A1BN
b. photolybcally initiated
c. As defined as the ratio of total alkenes used to DEBM used.
While these results appear promising and readily explicable,many factors
combine to make their interpretation more difficult. Firstly, the data for both
experiments involving 4-phenyl -1-butene represent the most reproducibleset out of
many. Lack of reproducibility was most frequently due to lack of reactivity, resulting in
analysis errors due to the inability to accurately measure these small changes in
concentration of starting materials. A greater relative reactivity differencewas expected
based on previous studies. It is possible that pi-complexation with the diethyl malonyl
radical may be entropically less favorable than trichloromethyl radical. The rotation of
the dicarbethyoxy groups could be much more disruptive to the radical pi-complexthan a
radical with fewer degrees of rotational freedom.49
In an effort to evaluate both the validity of the DEBM results and increase the
degree of reactivity of the alkenes involved in the kinetic experiments,a variety of a-
haloesters were utilized. Most of the compounds studiedwere a-iodoesters, as the
lability of the carbon-iodine bond should involvea longer radical chain process. The
results for diethyl iodomalonate, listed in Table 12,are consistent with the relative rate
values for 4- phenyl -1- butene in Table 11. The iodoesterswere found to be much more
reactive than DEBM under identical conditions and in generalgave good material
balances. A wide variety of radical precursors were utilized. Little variation in relative
rates for these systems was observed in either solvent, despite differences in the
electronic, steric, and entropic requirements of the attacking radical. The
bromomeldrum's acid entry is different, however, being approximately two timesmore
selective toward 1-undecene than any other entry. Meldrum's acid is well knownto
produce a very stable anion.87 Although it is unstudied,a similar degree of stability may
be true of the radical. The subtle difference in electron density between 4-pheny1-1-
butene and 1-undecene may then be sufficient to elicit this degree of preference for this
radical toward 1-undecene.
It is possible that benzene may not be electron-rich enough to forma stable pi-
complex with these radicals. In an effort to evaluate this the reaction of 4-pheny1-1-
butene versus 1-undecene with DEBM was run in tert-butylbenzene. The tert-
butylbenzene solvent has been demonstrated by Russell to be a better pi-complexing
agent than benzene. The result of this study, however, gave a relative rate of 1.04,
indicating no difference in pi-complexing ability.50
Table 12. Relative reactivities for 4- phenyl -l- butenevs. 1-undecene utilizing
several radical precursors.
Radical Precursor
diethyl iodomalone
diethyl methyliodomalonate
Ethyl iodobutyrate
bromomeldrum's acid
Solvent
benzene cyclohexane
1.00± 0.09 1.02± 0.03
1.32± 0.14 1.07± 0.03
1.16± 0.06 1.18± 0.05
0.66± 0.04 0.52± 0.01
The second, and perhaps greatest, problem associated with the results from Table
11 is that two different methods of initiation were used. All experiments initiated by
thermolysis of AIBN produced clean gas GC traces. No unexpected peakswere
observed. Trials involving either the 4,4,4- triphenyl -1- buteneor 9-allyltriptycene
systems were found to be sluggish to reaction with DEBM under conditions of thermal
initiation. This is perhaps due to steric congestion in the atom transfer step. Photolytic
initiation was used to improve extent of reaction. Total disappearancewas increased;
unfortunately, side reactions were present, as indicated bya large number of spurious
peaks in the GC traces of these studies. Thus, any conclusions drawn from theseresults
must be tempered by the knowledge that these side reactions may drastically alter the
observed relative rate values.
Ultimately, it was discovered that the largest factor contributing to the low
reactivity and poor reproducibility, for many of the alkenesrun with DEBM, was
inadequate deoxygenation in the freeze-thaw process. Nitrogen replacement of air in the
thaw stage gave sporadic kinetic results when applied to sample volumes of 300 tlor
less. A new protocol was devised whereby the reaction mixture could be allowedto
thaw and de-gas under high vacuum conditions. This procedure greatly increased the51
reactivity of systems involving DEBM, as well as, the consistency of the 4-pheny1-1-
butene results when reacted with DEBM. The values for the relative rates of thissystem
in either solvent remained unchanged, however. This procedurewas used for all
remaining reactions in this section.
Armed with improved methodology and renewed hope,an attempt to more
closely compare the results of these studies with those of previous workwas made. To
that end, further competitive reactions utilizing bromotrichloromethaneas the radical
source were performed on a variety of alkene systems. These relative rates are presented
in Table 13.
Table 13. Relative reactivities for 4- aryl -1- butenes versus 1-undecene with
bromotrichloromethane using AIBN thermal initiation at 70 °C.
Alkene Solvent
benzene cyclohexane
4- phenyl -1- butene 0.99 ± 0.01 0.98 ± 0.03
4-(1-naphthyl)-1-butene 0.94 ± 0.3 0.93 ± 0.03
4-(2-naphthyl)-1-butene 0.99 ± 0.02 1.01 ± 0.01
The results for the 4-phenyl -1-butene system agrees well with those for other
radical precursors previously discussed, save the bromomeldrum's acid. Overall, the
data show a general lack of any selectivity between the alkenes for either of the two
solvents. The prospects of observing enhancement of reactivity with larger arylalkenes
seemed unlikely. Due to this and potential side reactions involved with the anthracene
and phenanthrene systems, no further investigations along these lineswere taken.
Additional studies of potential processes involving radical pi-complexationwere
executed on a series of (E)-1-aryl -2-phenylethylenes (E-(3-styrenylarenes).52
Bromotrichloromethane was allowed to form adducts with the E-styrenylarenes at 70 °C
with AIBN thermal initiation. Photolytic initiation was avoided due to the high potential
for competing photochemical reactions of these highly conjugated compounds. Analysis
was carried out via I H-NMR using 1,4-di-tert-butylbenzene as internal standard.
XIX
Reaction was observed to take place with only two of the compounds studied.
(E)-stilbene showed 52% reaction and gave a ratio of diasteriomers of 3.82. The other
compound, (E)-2-styrenylnaphthalene, showed about 23% reaction. Addition of the
trichloromethyl group to the carbon adjacent to naphthalene (XVII) was 1.62 times that
of its addition to the other carbon (XIX). This can be explained by preferential initial pi-
complexation of trichloromethyl radical with the naphthalene ring system, followed by
"slither" movement of the radical to the first ethylenic carbon and finally bond formation.
The two pieces of data, though promising, certainly do not represent a trend, and the
lack of any corroborating material makes definite conclusions impossible.
Several different initiation procedures were attempted for the remaining
compounds, which included (E)-1-styrenylnaphthalene, (E)-1-styrenylanthracene, and
(E)- 2- styrenylanthracene. Use of dibenzoylperoxide at 70 °C and again at 120 °C for
reaction times up to 5 days gave no observable changes in 1H-NMR spectra. Although53
many other compounds in this series had been prepared, it was felt that these too would
fail to undergo the desired reaction. The general lack of reactivity found for these
compounds may be due to an ever increasing degree of delocalization. The two pi-
electrons in the ethylenic double bond may become so delocalizedas to cause this bond
to behave as part of the aromatic system.
It is unclear as to why no selectivity was observed in the kinetic studies of 4-aryl-
1-butenes. Several variables were not constant between these studies and others similar
to it. All previous studies involving trichloromethyl radical complexation were
conducted using bromotrichloromethane as solvent, under photolytic conditions, and at
much higher concentrations. Which of these variables, or their combinations if any, are
responsible for the current results cannot be determined with the available data. No
further experiments were performed to elucidate these ambiguities.54
Part II.Relative Benzylic Radical Stabilities by Mass Spectrometry
Discussion of Problem
As was summarized in the general introduction, radical reactions involvea high
degree of polar character. Typically, Hammett correlations have been successful in
assessing the degree of this polar character in a variety of reactions. Hammett
substituents, however, include both inductive and resonance factors. Efforts to separate
and identify the relative importance of these factors have been realized by theuse of PAH
systems of alternant nature.9 These systems are inductively equivalent, but differ in their
ability to delocalize a radical or charge by conjugation. Examples of these studies
include hydrogen atom abstraction from arylmethanes by radicals derived from
bromine98 and bromotrichlormethane99, addition of phenylthiyl to vinylarenes100, and
chlorine atom abstraction from (chloromethyl)arenes by triphenyltin.101 The log of the
relative rate can then be correlated with the calculated energy of the radical, carbocation
or carbanion. However, these correlations are typified by insensitivity to choice of
intermediate. Alternant hydrocarbons have paired sets of orbitals,102 giving arylmethyl
systems a nonbonding orbital. Anions, cations, and radicals derived from these systems
are delocalized by an equivalent amount. In order to circumvent the equivalent
stabilizing effect, inclusion of a heteroatom in the aromatic system will result in
differential stabilization of charge or radical.
This argument is rather dramatically illustrated in two sets of studies done by
Mahiou and Gleicher.103 Hydrogen atom abstraction from a variety of homo and
heterocyclic methylarenes by two different abstracting species were studied. The pair
included the electrophilic tert-butoxyl radical and the nucleophilic undecyl radical. The
rate data are given in Table 14.55
Table 14. Relative reactivities of homo and hetero methylarenes with tert-butoxyl
radical and undecyl radical at 70 °C.
system relative reactivity
tert-butoxyl undecyl radical103b
radical103a
1-methylnaphthalene 1.654 ± 0.053 7.36 ± 0.32
2-methylnaphthalene 1.210 ± 0.008 4.36 ± 0.10
5-methylquinoline 1.182 ± 0.042 6.23 ± 0.13
toluene 1.00 1.00
8-methylquinoline 0.927 ± 0.003 1.13 ± 0.07
7-methylquinoline 0.835 ± 0.007 3.10 ± 0.07
3-methylquinoline 0.828 ± 0.012 2.65 ± 0.03
3-methylpyridine 0.635 ± 0.011 1.07 ± 0.03
6-methylquinoline 0.548 ± 0.042 3.10 ± 0.13
2-methylpyridine 0.321 ± 0.003 7.48 ± 0.65
2-methylquinoline 0.290 ± 0.003 5.93 ± 0.03
4-methylquinoline 0.234 ± 0.005 14.9 ± 0.12
4-methylpyridine 0.228 ± 0.003 11.2 ± 0.16
These results show two opposing trends. The order of relative reactivity is
reversed for the nucleophilic radical compared with that of the electrophilic radical.
Good correlation of the SCF-PPP calculated energies of the cations derived from the
arylmethanes and the log of the relative rates for the electrophilic tert-butoxyl radical was
found. Conversely, the calculated energies of the anions derived from the arylmethanes
correlated well with the log of relative rates involving nucleophilic undecyl radical.
These observations argue strongly for a transition state that is quite polar in nature.56
Attempts to correlate these rates with the calculated energies of the radical species failed.
Cognate studies involving chlorine atom abstraction by triphenyltin from
(chloromethyl)heteroarenes gave similar results.101b Again, attempted correlation with
energies calculated for the radicals derived from the chloromethylareneswas quite poor.
This is not all too surprising since the transition state for the reaction is strongly polar.
Charge stabilization factors are well known to dominate over the smaller radical
stabilizing effects.
Efforts to separate the charge stabilizing from radical stabilizing factors via
kinetic methods have been tried, and all have been thwarted by the large contribution of
charge stabilizing effects.104 Some of these methods have include phenyl radical
addition to substituted benzenes, 104b trichloromethyl radical addition to substituted
styrenes,104c and hydrogen atom abstraction by bromine atom from p-substituted-m-
cyanotoluenes.104d
One promising method, developed by Dinctiirk and co-workers, involves
substituent effects on the decomposition of dibenzyl mercurials.105 These reactionswere
felt to provide a good representation of the stabilizing effects of substituentson the
radical site due to the nature of the carbon-mercury bond. This bond should be nearly
broken in the transition state and polar effects should be at a minimum. Meta
substituents were found to give a good correlation. Unfortunately, these data constitute
only a three point plot. Dincnirk and Jackson, in a companion paper, have enumerated
the requirements for an ideal radical substituent scale.111 To date no method has been
adequate in meeting more than a few of these requirements. This study involving
dibenzyl mercurial compounds can certainly be criticized for the limited range of
compounds tested.
In hopes of overcoming this problem of concurrent effects in kinetic methods,
other techniques have been developed to ascertain the radical stability based on physical57
properties of the system. These techniques are based on an inherent physical property of
the isolated radical species. These include techniques suchas electron spin resonance
(ESR) and measurement of bond dissociation energies (BDEs).
ESR studies on the isomers of picolyl radicals by Jackson and Rhodes have been
used to generate the a-coupling constants for these compounds.107 These a-coupling
constants are proportional to the spin density at the radical site. More spin density at the
radical site leads to a larger a-coupling constant. The spin density is then presumed to
be inversely proportional to the inherent radical stability of the system. The order of
stability derived from these data is: benzyl > 3- > 2- > 4-pyridylmethyl. As Jackson
points out, INDO and simple Hiickel calculations do not agree with this order.
Likewise, results obtained by pyrolytic studies of ethylpyridines108 do not lend strong
support for a correlation of coupling constant to inherent radical stability.
Recently, work done in our laboratory in collaboration with Bordwell and
Alnajjar has utilized cyclic voltammetry to elucidate radical stabilities.109 This has been
applied to a series of phenacylhomoarenes. These studies first determine the C-H BDEs
of a series of compounds. The experimental technique requires that the C-H bond being
measured be acidic; however, the conjugate base must not be more basic than the
dimsylate anion. Each member of the series is then compared to a reference compound
to determine the radical stabilization energies (RSEs).
The BDE is calculated from experimentally obtained parameters. Each of these
parameters corresponds to a reaction that is part of a thermocycle, illustrated below in
Scheme 15. The first parameter is the pH of the compound in question, as determined in
DMSO (equation 56). Second is the oxidation potential of the resulting conjugate base
(equation 57). This is acquired by cyclic voltammetry. The third parameter, the
reduction potential of the proton (equation 58), is a constant for all calculations. The
addition of these three equation results in the desired BDE equation.H H
H + e
0
H
58
+ pKa (56)
+ e
H H
0
+ H
Ox. Potential (57)
Red. Potential(88)
BDE (59)
Scheme 15. Thermocycle for determination of Bond Dissociation Energies (BDEs).
Mathematically this thermocycle is represented by equation 60. Each of the parameters is
adjusted such that units of pH and potential are converted to units of kcal/mol.
BDE = 1.37 * pKHA + 23.1 * Eox(A-) + 73.3 (60)
The data derived from the phenacylhomoarenes by use of this technique are
presented in Table 15.110 The RSE in this case is based on acetophenone, which is
defined to have no ability to stabilize the radical center. These results should be
relatively free of any charge stabilization effects; however, steric factors can be seen to
participate. In particular, the RSE of the 9-anthracyl moiety would be expected to be59
quite large. However, it is the smallest of those shown. This is explicable in terms of a
double peri interaction that causes the exocyclic methylene unit to twist out of planarity
and consequently to have decreased conjugation with the remainder of the system. The
result of this is a lessened stabilizing ability. Other groups have peri interactions
(1-naphthyl, 9-phenanthryl, and 1-anthracyl), but in these cases the bulky phenacyl
group can assume a position away from the peri hydrogen. The 9-anthracyl moiety,
with two pen hydrogens, cannot behave similarly. The RSE data for the heterocyclic
systems are pending.
Table 15. Acidities and bond dissociation energies (BDEs) for the a-C-H bonds in
ketones.
System PKHA Eox(A") BDE RSE
methyl 24.7 -0.607 93 0
Phenyl 17.7 -0.650 82.5 10.5
1-Naphthyl 17.6 -0.626 83 10.0
3-Phenanthryl 17.2 -0.576 83.5 9.5
9-Phenanthryl 17.5 -0.597 83.5 9.5
1-Anthracyl 17.2 -0.625 82.5 10.5
9-Anthracyl 18.9 -0.635 84.5 8.5
1-Pyrenyl 15.7 -0.618 80.5 12.5
Since little unambiguous data exist describing the radical stabilizing abilities of
many of these systems, a second method of generating RSEs would be useful
(preferably using these same molecules). It was thought that these molecules would also
lend themselves to an evaluation of inherent radical stabilities through studies of the mass
spectrometric fragmentation. Mass spectrometry might not truly constitute a physical60
method of measuring the RSE of system, since the fragmentation processesare kinetic in
nature. However, the decompositions are unimolecular and therefore involve first-order
rates. The rate of decomposition leading to the formation of a particular ion is
considered an indication of the molecular environment near the reaction site. Also,
solvent and concentration effects would be expected to be nonexistent. These factors
and simplifications may result in rates constants that are largely dependent on the radical
stabilizing nature of the arene moiety involved.
The idea of using mass spectrometry as a tool for determining physical properties
in organic systems is not new. In 1965 Mc Lafferty demonstrated that the fragmentation
of substituted benzophenones, and later monosubstituted 1,2-diphenylethanes, followed
a linear free energy relationship.111,112 The major modes of fragmentation are illustrated
in Scheme 16. The most prevalently formed positively charged daughter ion was the
benzoyl cation. This is reasonable given the extra stabilization of this species due to the
resonance contribution of the oxonium ion.61
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Scheme 16. Fragmentation of monosubstituted 1,2-diphenylethanes by electron
impact mass spectrometry.
The high degree of linearity in this correlation indicates that the primary mode of
fragmentation (i.e., that which gave the two most stable secondary species) involves a
ground state transition. Use of a 70 eV ionizing potential might impart energies that
could place the molecule being ionized in an electronically excited state. Lack of good
correlation with the equilibrium constants for meta substituents is known to exist in
studies of photoexcited substituted benzoic acids.113 The correlation with substituents in
the meta position in the mass spectroscopic studies strongly suggests that a ground state
molecule is the species involved in fragmentation.111
Mass spectrometry using electron impact ionization (El) does not involve
molecules in a thermal equilibrium as exist for reactions performed in solvents.
However, it has been theoretically treated by quasi-equilibrium theory. 114,115 This
theory suggests that the energy imparted to the ion formed from the initial electron impact62
is rapidly distributed to all modes of vibration and rotation. This equipartition ofenergy
is believed to be complete before fragmentation of the ion. Thus, there existsa
distribution of energies in the ions that result in a distribution of lifetimes.114 Once
formed the ions react by a process of competing consecutive reactions, with the mass
spectrum showing the distribution of products from all fragmentations.111a This is
shown in Figure 7. Those mass spectra where a common ion is formed from different
molecular ions may be related in a systematic way. In the figure below the common ion
is A, and its appearance is quantified by equation 63. If A is formed with the same
energy distribution from each molecular ion, the denominator of the right side of the
steady state approximated equation 64 is no longer dependent on the process that
generates ion A. Therefore, the values of the ratio of A to M in a series of spectra will
parallel the amount of formation of ion A.
M
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( A )=k 7( M )Ek7n( A) Ek inst( A ) (M)
k 7
( A
dt Lk 7n + Ek inst
(63)
(64)
Figure 7. Consecutive competing reaction pathways for a molecular ion generated by
EI.
In the case of the substituted benzophenones, the acyl ion is formed with the
same energy distribution from each parent molecular ion in the series. Its decomposition
will, therefore, involve the same process in every case. This leads ultimately to the63
ability to correlate these systems with the appropriate Hammett sigma values. This
correlation implies that there exists a similarity of the substituent effect on the transition
state in the fragmentation process with solution phase chemistry. Based on this,
Mc Lafferty believes little change in the geometry of the ring occurs before the transition
state is reached.111a
Other reaction pathways of the substituted benzophenones were also studied by
Mc Lafferty.111b These decompositions and their respective rho values are given in
Figure 8. Note that the reaction leading to benzoyl cation has the largest positive rho
value. This is attributed to electron donating substituents strengthening the bond being
broken. Also, fragmentation of the parent ion to give phenyl cation results in a rho value
of zero. In this case the bond involved in the fragmentation process is too far from the
substituent to have a measurable effect.
O
Figure 8. Rho values for various fragmentation routes for substituted benzophenones
by mass spectrometry.64
Evaluation of the structural changes on the local molecular environmenton any
absolute basis by mass spectrometry must be done by comparison of the abundance of
formation of a common daughter ion to that of its parent ion.1 1 la The phenacylarenes fit
this criteria. The mass spectrum of these compounds, by electron impact (EI) ionization,
should yield primarily two fragments (Scheme 17). The initial phenacylarene radical
cation should decompose to the corresponding arylmethyl radical anda benzoyl cation,
El
-e
+ArOH2
(65)
(66a)
+Ar-22H2 (66b)
Scheme 17. Major fragmentation pathways of cations derived from phenacylarenes.
indicated in equation 66a. Alternatively, fragmentation to give arylmethyl cation and
benzoyl radical is also possible, as in equation 66b. This should be a less likely
pathway, especially at lower ionization potentials. The measurement of the degree of
fragmentation due to pathway 66a is simply determined by the ratio of the benzoyl cation
to parent ion signal strengths. Pathway 66a may be expected to dominate over pathway65
66b due to the large degree of positive charge stabilization inherent in the benzoyl cation
from electron donation by the adjacent oxygen, as previously discussed. We felt that
those arylmethyl radicals with a larger degree of inherent radical stability would fragment
to a greater extent and thus have a larger fragmentation ratio. A large series of
phenacylarenes, both homocyclic and heterocyclic, were prepared for study via standard
approaches.
Results and Discussion
Preparation of Compounds
The synthesis of the eleven homoaromatic phenacylarenes from appropriate
precursors was accomplished by formation of one of three bonds indicated in Figure 9.
The preference in use of any one method was dependent upon starting material
availability.
Figure 9. Carbon-Carbon bonds involved in the synthesis of phenyaclyarenes.
Bond A. The 1-pyrene and 9-anthracene compounds were prepared from the
corresponding aryl bromides. The appropriate aryl bromide was metallated via halogen-
metal exchange with butyl lithium at -78 °C. Styrene oxide was then added.116 The
resulting epoxide-opening reaction gave an alcohol that was then oxidized with the Dess-66
Martin periodinane oxidant.117 This gave the desired ketone withno further oxidation.
The reactions are depicted in scheme 18.
Ar X
+Ar U
BuLi/THF Ar Li
-78°C
Dess-Martin
oxidant
Scheme 18. Styrene oxide method of phenacylarene synthesis.
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Formation of the bond at A can also be afforded by an SRN1 reaction (vide infra)
involving the bromoarene and acetophenone enolate. This method was ultimately used
for synthesis of certain heteroaromatic systems. It was found to be an extremely
efficient method for the synthesis of phenacylchrysene and for further production of the
1- and 2-phenacylanthracenes.
Bond B. The 1- and 2-naphthalene and 1- and 2-anthracene compounds were
obtained by the Corey masked ketone method.118 The anion of 1- phenyl -2,3- dithiane
was allowed to react with the appropriate bromomethylarene. The resulting dithiane was
then oxidatively hydrolyzed118c to give the desired phenacyl compounds (Scheme 19).
The bromomethylarenes were derived from the bromination of hydroxymethylarene
bromination by phosphorus tribromide.119 While the 1- and 2-hydroxymethyl-67
naphthalenes were commercially available, the 1- and 2-hydroxymethylanthracenes were
acquired by standard literature procedures120
Ar
HgO/HgC12
CH3CN
Scheme 19. The Corey masked aldehyde synthesis of phenacylarenes.
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Bond C. Formation of the bond C was accomplished by adding excess phenyl
lithium to the desired aryl acetic acid (equation 73).121 Although this reaction did not
give favorable yields, it is simple and gives reasonable results when the starting acid is
readily available. This was the case for the phenacylphenanthrenes.
Ar
O
CH
0
1. 2eq Ph Li
2. H30+ Ar
Ph
(73)68
The heteroaromatic phenacylarenes proved to be, in some cases, more difficult to
synthesize. A comparison of 2- and 4-methylpyridines and 2- and 4-methylquinolines to
toluene and 1-methylnaphthalene show a striking increase in the acidities of the former
compounds. In these species the conjugate base is in direct conjugation with the
nitrogen. These compounds can be successfully deprotonated with sodium hydride and
upon addition to methyl benzoate give the corresponding phenacylarene in an approach
developed by Wolf and co-workers.122 Isomeric 3-methylpyridine is not acidic enough
for use with this method. Miller and co-workers have shown that it can be deprotonated
by potassium amide in ammonia and after reaction with methyl benzoate gave the 3-
phenacylpyridine.123 Synthesis of the remaining phenacylquinolines resisted all attempts
utilizing the methodologies employed for the homoaromatic systems. A very general
approach to these systems was found in the SRN1 reaction originally proposed by
Bunnett.1240-
+ Ar -X
[Ar
+ Ar
O
Ar
+ AT
hv
+ Ar X
Ar+ X-
+[Arc (74)
(75)
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Scheme 20. Reaction mechanism for SRN1 reaction of acetophenone enolate with an
aryl halide.
The SRN1 reaction has been known to give good yields for additions of phenyl
halides with a variety of enolates. The acetophenone enolate has been found to be quite
reactive with 2-chloroquinoline, less reactive with 2-chloronaphthalene, and shows no
reaction with phenyl halides.125 The general mechanism for the Sal reaction is
illustrated in Scheme 20. It is believed that this order of reactivity occurs from the ease
of electron-transfer from the mildly nucleophilic acetophenone anion.125 Quinoline,
being a better electron acceptor than naphthalene and much better than phenyl, should be70
more conducive to electron-transfer. It was thus expected that reactions of this type
would be efficient for the quinoline compounds in question. The haloquinolineswere
either commercially available (3-bromoquinoline), prepared via Skraup reaction,126or by
direct halogenation.127 The 6- and 8- bromoquinolines were the only products from the
appropriate Skraup syntheses. Isomeric 5- and 7-bromoquinolines resulted as a mixture
from the Skraup reaction with 3-bromoaniline. The mixture of isomers was separated to
give pure 7-bromoquinoline by the method of Tomita.128 Pure 5-bromoquinoline could
not be obtained from this mixture. Therefore, 5-iodoquinoline was produced using the
procedure of Kiamuddin and Hague involving direct iodination of quinoline and
separation of 5-iodoquinoline from the 8-iodoquinoline also produced in the reaction.127
Acetone and acetophenone enolates are also known to give efficient additions to 9-
bromoanthracene.129 Thus, this procedure was also utilized in the reactions of the
acetophenone enolate with 1- and 2-chloroanthracenes and 6-bromochrysene to prepare
additional samples of the corresponding phenacylarenes.
Discussion of Mass Spectrometric Results
Once synthesized, the homoaromatic systems were analyzed by mass
spectrometry. Ratios for the fragmentation leading to generation of the corresponding
arylmethyl radicals were determined. This ratio is the signal strength of the benzoyl ion
peak (mass=105) to the signal strength of the parent ion (M+). The data are presented in
Table 16. Other fragmentations were also observed. The 105 peak has a potential
competing reaction that involves loss of carbon monoxide to give phenyl cation with an
ink of 77. This signal may also result directly from a primary fragmentation process. In
order to assess the potential for formation of phenyl cation by a primary process
observations were done on the metastable ions of the spectra. Metastable peaks result
from ions that have lifetime that are of the same order as time of flight through the ion71
gun.115 The molecular ions then undergo fragmentation in the field freezone between
the ion gun and the mass analyzer. Metastable peaks are considered characteristic of
fragmentation processes that occur in the source.134 These signals are often utilized to
deduce reaction pathways. Through the linked scan technique the genealogy of the
daughter ions resulting from the metastable ions can be deduced. Data from the
compounds studied by this method showed that the metastable parent ions produced
benzoyl cation but no phenyl cation. Generation of phenyl cation was found to occur by
to consecutive loss of carbon monoxide from the benzoyl daughter ion. While this gives
a good indication of the reaction pathways in the ion source, it does not provide complete
evidence to the single nature of the decomposition pathway. It seems reasonable that the
rate of decarbonylation will vary only slightly for the benzoyl cations. Ratios of the 77
to 105 peaks do not vary greatly for the more well behaved systems (vide infra),
indicating that this may indeed be the case.
The ratios of the 105 to parent ion peaks presented were derived from spectra
taken at an ionization potential of 70 eV. All systems were analyzed over a wide range
of ionization potentials to test for variation in the fragmentation ratio. Figure 10
illustrates this for three compounds. Over a range of 20-70 eV no significant variation in
this ratio was observed; however, at lower potentials the desired fragmentation pathway
dominated over all others, and in most cases only the 105 peak and the parent ion peak
were observed. Very low electron energies approach the appearance potentials for these72
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Figure 10. Graph of the log of benzoyl cation to parent ion ratio versus ionization
potential.
compounds, and a crossing of the ion production curves is possible.1 1 la This may be
the case for the crossing of the curves of 1- and 2-phenacylnaphthalenes. Ionization
potentials below 20 eV were not considered for any other phenacylarenes. Data for 70
eV are presented due to the better signal-to-noise ratio found therein. Upon examination
of the data it becomes obvious that the fragmentation ratios do not match traditional
concepts of radical stability. This is especially noticeable for the case of phenyl which
has the largest degree of fragmentation. Intuitively this system should be least capable,
among those studied, of stabilizing the resulting radical. However, examination of the
data for individual isomeric systems shows a more traditional trend. For example,
radicals generated in alpha positions are more stable than those generated at beta
positions, and 9-phenanthrylmethyl is more stable than other phenanthrylmethyl
isomers.73
In an effort to explain the phenacylbenzene result, one may postulate that ground
state properties of these systems play a factor in their fragmentation. The strength of the
bond being broken in the radical cation could be a dominant factor in the fragmentation
process.111a Based on this possibility, bond orders were calculated for these bonds by
the standard, geometrically optimized AM1 approach for all phenacylarene radical
cations. The results of these calculations adequately explain the anomalous value
obtained for phenacylbenzene and agree with the trend for 1- and 2-
phenacylnaphthalene. Unfortunately, this trend does not extend to the
phenacylanthracene isomers. It can be stated, however, that isomers of a single system
can be compared and correspond with previous findings for radical stabilities as
determined by atom abstractions.
Table 16. Fragmentation ratios of phenacylhomoarenes by MS at 70 eV.
System 105/M+ Bond order
Phenyl 13.39 0.8330
1-Naphthyl 5.141 0.9090
2-Naphthyl 3.641 0.9117
1-Anthracyl 12.95 0.9147
2-Anthracyl 1.782 0.9138
2-Phenanthryl 3.731 0.9164
3-Phenanthryl 3.650 0.9136
9-Phenanthryl 4.184 0.9070
1-Pyrenyl 0.465 0.9145
6-Chrysenyl 0.9129
9-Anthracyl 0.883574
Of the species that were analyzed, two systemsgave unexpected fragmentations.
Surprisingly, 9-phenacylanthracene gave no signal corresponding to theparent ion at any
ionization potential utilized. Instead a peak of M-14 was observed. At low electron
ionization potential this became the only signal discernible. Thismay be a result of a
rearrangement involving loss of carbene. The 9-phenacylanthracene system contains
two peri hydrogens that can hinder rotation about the carbon-carbon bond at postion 9.
This hindered bond rotation may result in a large change in the redistribution ofenergy
relative to the other compounds.115 A possible mechanism for sucha reaction is given is
Figure 11.
Figure 11. Possible mechanism for the loss of carbene from the 9-phenacylanthracene
radical cation.75
Secondly, the spectrum for 6-phenacylchrysene, likewise, demonstrated no
observable parent ion signal. Instead, signals of M-38 and M-40 were seen. These
could possibly correspond to loss of allene carbene and allene respectively. Again at low
ionization potential these were the only observable signals. This compound was also
exceptional in that NMR spectroscopic data indicated it to exist exclusively in the enol
form. In an attempt to rationalize this for the molecules existing as the radical cations,
AM1 calculations were carried out on the keto and enol forms of these systems. Results
on the AM1 single point energies on MM2 minimized radical cation of 6-
phenacylchrysene showed the enol to be favored by 10 kcal/mol over the keto form; with
the driving force presumably arising from an increase in degree of electron
delocalization. This property may explain the unusual mass spectrum. Enolization
greatly increases the strength of the bond presumed most likely to break. This would
certainly decrease the amount of fragmentation at that bond and perhaps lead to the
complete change in fragmentation pathway.
1-Phenacylpyrene also demonstrated a very low fragmentation for the expected
route. It is likely this low value is due to a similar enolization effect. Indeed, 1H NMR
spectra indicated the presence of a significant amount of the enol form, and single point
energy calculations on the radical cation of 1-phenacylpyrene show a 0.8 kcal/mol
advantage for the enol tautomer. This is comparable to a difference in free energy of
1.09 kcal/mol calculated from the proton integration by NMR. Differences between the
calculated heats of formation of both enol and keto forms of some homocyclic radical
cations are given in Table 17, as well as equilibrium constants based on these energy
differences at 25 °C. The other compounds would be expected to lie between the values
of the phenyl and 1-anthracyl examples.76
Table 17. Calculated differences in heats of formation for keto and enol form of the
radical cations derived from phenacylarenes by the AM1 semiempirical single
point energies.
Arene type .6.6.1-1 by AM1 Kea
phenyl 23.1 8.8 x 10-16
1-Anthracyl 5.27 1.36 x 10-4
1-Pyrenyl 0.800 0.259
6-Chrysenyl -10.04 2.3 x 107
The heterocyclic systems might be expected to give a larger more consistent set
of results, since many isomers of a single ring system exist. This, however, turned out
not to be the case. Data for all isomers of phenacylpyridine and phenacylquinoline are
presented in Table 18 along with the corresponding bond orders as calculated by
geometrically optimized AM1 methods. Fragmentation of the pyridine isomers follow
the trend of bond order. In the quinoline series no reasonable correlation can be found.
Due to a lack of reliable data on quinolylmethyl inherent radical stabilities (these must not
include polar effects) and the absence of reliability in our studies of the homocylic
systems no conclusion can be drawn for the inherent stabilities of heteroarylmethyl
radicals.77
Table 18. Fragmentation ratios of phenacylheteroarenes by MS at 70 eV.
System 105/M+ Bond order
2-Pyridyl 1.325 0.9318
3-Pyridyl 6.429 0.8982
4-Pyridyl 4.954 0.9069
2- Quinolyl 0.8718 0.9060
3- Quinolyl 6.847 0.9291
4- Quinolyl 4.220 0.9090
5- Quinolyl 5.041 0.9011
6- Quinolyl 5.959 0.9035
7- Quinolyl 3.779 0.9056
8- Quinolyl 9.656 0.8992
There exists a low degree of fragmentation for both the 2-pyridyl and 2- quinolyl
systems. This may be explicable as being due to formation of chelated enols.130 Figure
12 illustrates the major tautomers involved. This property has been extensively studied
by Katritzky for the three phenacylpyridines and Moore 0' Farrel on the 2-, 3-, and 4-
quinolyl sytems.131,132 A ratio of keto to enol form was observed for 2-
phenacylpyridine of 3:2 by 1H NMR.
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Figure 12. Tautomers of 2-phenacylpyridine.
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The 2-phenacylquinoline, moreover, exists only in the chelated imine formas
determined by 1H NMR. The strengthening of the internal carbon-carbon bond in this
compound, while not as great, will again decrease the amount of fragmentationto give
the arylmethyl radical. This compound also demonstratesa much larger 77 m/z peak.
This route is reasonable based on the probability that the imine form is that of theparent
ion. These two compounds also exhibit exceptional fragmentation. Protonated
hydrogen cyanide is lost from these systems and also from the 8-phenacylquinoline.
This is likely promoted by the proximity of the proton to the nitrogen in thesecases,
especially the two chelated compounds. This fragmentation is similar to that of loss of
acetylene in homocyclic PAHs. This reaction pathway undoubtedly also perturbs the
size of the fragmentation ratio in question.
Ph
Figure 13. Tautomers of 2-phenacylquinoline.
The determination of inherent benzylic radical stability by mass spectrometric
fragmentation of phenacylarenes, as with the kinetic studies before it, is notas simple as
might be anticipated. While the technique seems a reasonable approach, differences in
the chemistry among individual systems (i.e., enolization, proximity toa potentially
reactive site, etc.), and the apparent contribution of ground state effects yielda
multivariable problem with no one simple correlation. While several isomeric PAH
systems give trends consistent with accepted views of radical stability, a single overall
trend cannot be found for all phenacylarenes studied.79
Part III.Benzylic Hydrogen Atom Abstraction Utilizing Malonyl Type
Radicals.
Discussion of Problem
The anti-Markovnikov regiochemistry of free radical additions to double bonds is
well documented if not completely well understood. The reaction shown below in
Scheme 20 illustrates the potential addition possibilities available to the attacking radical
species.
R CH = CH2+ Y
path a
path b
CH
CH2
/CH
R %it12
Scheme 20. Generalized radical addition to terminal alkenes.
(79a)
(79b)
The preference for addition to the terminal position can be ascribed to two
possible effects. These include the greater stability of the secondary, relative to a
primary, structure of the resulting radical or the steric accessibility of the atoms
comprising the double bond. Generally, more highly substituted radicals have added
stability, thus path b should dominate. This is currently the paradigm for radical
reactivity favored by most elementary textbooks of organic chemistry.133 However,
simple steric effects can also be invoked to explain the propensity for terminal addition.
Steric accessibility is considerably greater at the terminal carbon than is attack at the80
penultimate position. The steric effect has engaged far less recognition. However, work
by Tedder and Walton134 has drawn specific attention to it. Further recent support for
this effect has been provided by Giese.135 The possibility for the experimental
separation of these two effects to elicit which effect is dominant has obvious difficulties.
Electronic and steric effects often parallel each other. However, work by Munger and
Fischer has illustrated how these two effects can be separated for the case of tert-butyl
radical additions to alkenes.136 The consensus among researchers in this area is that
both general effects are operative in this reaction and are usually operative in a parallel
manner. Indeed the phrase "complex interplay of polar, steric and bond strength terms"
coined by Tedder and Walton has been echoed by many authors on this subject.134
Despite (or perhaps due to) the lack of agreement on the importance of steric
effects on rate of radical addition, Ghodoussi, Gleicher and Kravetz began a study based
on systematic variation of the sizes of a series of radicals derived from ethyl 2-
bromocarboxylates (R'= alkyl) undergoing addition reactions, as pictured in equation
80.93 All attempts were made to keep the electronic factors equivalent. Radical
R FC
Br OEt
initiator
OEt (80)
additions involving these types of a-bromoesters were initially studied by Kharasch and
are well known.92 The bromoesters were reacted with two pairs of alkenes. In one case
3-propoxypropene and 1-octene were used to give a pair of sterically equivalent, yet
electronically dissimilar substrates. The other case utilized 1-methylcyclohexene and 1-
octene. Here the former member of the pair is considerably more sterically demanding.
Although 1-octene is used in both cases, in the former it contains the double bond of81
relative higher electron density. In the latter case the relative electronic roles are
reversed. A series of ethyl 2-bromocarboxylates was used as radical precursors. These
contained alkyl groups of varying size at the ultimate site of the odd electron. Table 19
lists the relative rates for additions of these systems to the alkene pairs.
Table 19. Relative reactivities for the radical addition of ethyl 2-bromocarboxylates
[RC(R')CO2Et] to alkene pairs.140
ester
Relative reactivity
radical
type
3-propoxypropene/
1-octene
1-methylcyclohexene/
1-octene
R=R'=H 1° 0.98 ± 0.03 1.18 ± 0.04
R = H; R' = Methyl 2° 1.06 ± 0.03 1.25 ± 0.02
R = H; R' = Ethyl 2° 1.08 ± 0.02 1.31 ± 0.02
R = H; R' = i-Propyl2° 1.14 ± 0.02 1.48 ± 0.04
R = H; R' = t-Butyl 2° 1.24 ± 0.03 2.19 ± 0.04
R = R' = Methyl 3° 1.31 ± 0.03 1.18 ± 0.04
R = R' = Ethyl 3° 1.36 ± 0.04 1.24 ± 0.02
The relative reactivities for the pair of alkenes, shown in the first column, reveal
only one of the radicals, the carbethoxymethyl species, to favor reaction with 1-octene.
This species is probably the most electrophilic of the series. This result is in keeping
with those found for carboxymethyl137 and acetylmethy1138 radicals in both addition and
aromatic substitution reactions. The other radical species possess electron donating alkyl
groups at the radical site and are thus more nucleophilic and prefer reaction with 3-
propoxypropene. Linear free energy relationships with the logarithms of the relative
rates of addition showed good correlation with either steric (Es) or electronic (a*)
substituent parameters having correlation coefficients of 0.93 and 0.96 respectively.82
Correlation with either of the two parameter sets were similar in value. The steric Es
parameter gave a slope of -0.05 and the electronic a* gave -0.13. The negative slopes
found in these studies are consistent with systems wherein increasing size leads to either
congestion in the transition state or greater stability of the radical itself. Unfortunately,
due to the parallel trends for the steric and electronic effects for these systems, it is not
possible to conclude which of the two effects is dominant.
H2C y0 0
OEt OEtOEt
carbethoxymethyl dicarbethoxymethyl tricarbethoxymethyl
OEtOEt
Data for the second pair of alkenes should show a trend based on the "philicity"
of the attacking radical. In the absence of steric effects, a more electrophilic radical
should show a preference for the more electron rich double bond contained in 1-
methylcyclohexene. In the series of increasingly electrophilic radicals, carbethoxymethyl
(1.18 ± 0.04), dicarbethoxymethyl (1.10 ± 0.02), tricarbethoxymethyl (2.13 ± 0.03), a
monotonic increase in the relative rate data is not observed, thus hinting to a variable
steric effect.93 The data in the second column of Table 19 could not be correlated with
either steric or electronic parameters as could the first pair. Strangely, the more
nucleophilic secondary radicals have a greater preference for the alkene with the more
electron-rich double bond, and the most bulky secondary radical prefers the more
hindered double bond. These disparities were rationalized in terms of radical
persistence.93
Since the persistence of a radical is most generally related to the steric bulk about
the radical site, the larger radicals in the series should be more persistent. Reaction of a83
more persistent radical will be a more endothermic process than that of a less persistent
species. Thus the transition state should more resemble the product radical for the
addend of the more persistent radical. In the case of radical addition to the second pair of
alkenes, 1-methylcylcohexane will result in a more stable tertiary radical, and thus be
favored over 1-octene by more persistent radicals. Consequently, it appears that both
ground state and transition state factors are operative in this series of reactions.
CN
Br-(
CN
initiator
'R
"R
(81)
Work by Boldt and co-workers on the reactivities of various alkenes with
bromomalononitrile is also pertinent to the regiochemistry of radical additions to
olefins.139 Addition reactions of dicyanomethyl radical to a variety of alkenes were
carefully studied (equation 81). The rate data was then correlated with the
superdelocalizability of the starting alkene. Superdelocalizability is a concept derived
from valence bond theory and constitutes a residual bonding affinity.140 A reactivity
index based on a perturbation of the 7c-system by the incoming species was developed
from the theory. The incoming group forms a weak 7c-bonding interaction to the carbon
atom undergoing attack in an otherwise unaltered 7c-system. Mathematically the index is
the sum of contributions from the various occupied and unoccupied molecular orbitals
(MOs), depending on the nature of the attacking species. Equation 82 describes the
relationship for attack by a free radical species.140
°cc ra2 unocc rz2
E E(-0)+EErE
(0 )
somo r somo r r
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The equation is split into contributions from both occupied (occ) and unoccupied
(unocc) MOs. The degree of interaction is dependent upon the energy of singly occupied
orbital of the radical (Esomo), the energy of the rth MO of the hydrocarbon (Er), the value
of the atomic orbital coefficient of the rth MO for the atom undergoing attack (c, J, and
the resonance integral (13) for the interaction between the attacking atom and the atom
undergoing the attack. The index is essentially an extended frontier orbital approach
inasmuch as the major contribution to the value is generally from the LUMO or the
HOMO. Since this index is defined in terms of the molecular orbitals of the original
hydrocarbon, it is primarily a ground-state phenomenon. This use of
superdelocalizabilities could be justified on the basis that radical additions should involve
a relatively early transition state. This premise has also been substantiated by
calculations on additions of methyl radical to ethene141 and propene142 that indicate little
distortion of the alkene geometry in the transition state. However, based on the previous
study in our laboratory, changes in the electronic stability or steric demands of the radical
may cause a shift to a later transition state. Radicals adjacent to a cyano moiety are well
known to have a much greater stability. Studies by Chess, Schatz, and Gleicher on
reactions of bromotrichloromethane with phenylacetonitrile (Scheme 21) give rise to
significant amounts of 2,3-diphenylsuccinonitrile (route 83b).143 Corresponding
reactions with toluene showed no formation of bibenzyl. This was attributed to radical
persistence caused by the cyano group which then leads to increased coupling of the a-
cyanobenzyl radicals.85
BreCI3
+ca3
ca. 23%
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(83b)
Scheme 21. Reaction pathways for atom transfer reaction of a-cyanobenzyl and
bromotrichloromethane.
An experimental rho value, derived from a Hammett study on substituted
phenylacetonitriles, was shown to be significantly lower in absolute value to the rho
value derived from a previously developed empirical approach. This difference (-0.55
for experimental versus -1.04 by theory) was explained in terms of a stabilizing effect by
the cyano group on the benzylic radical leading to a decreased dependence on the ring
substituent. Dicyanomethyl radical, by similar arguments, should be quite stable and of
small size. Indeed, the reactivity trends reported by Boldt et al. have been interpreted
primarily in the light of smaller steric requirements.139 It is interesting, however, that
the series (Z)-2-pentene, (Z)- 4- methyl -2- pentene, and (Z)- 4,4- dimethyl- 2- pentene show
a decrease in reactivity of 1:0.36:0.21. The regiochemistry of these additions are
contrary to the predictions of superdelocalizability. Both of these observations point to
some degree of steric control in these systems.
Gleicher, Mahiou, and Aretakis have investigated the steric effects associated
with competitive additions of a series of malonyl type radicals to three symmetrically
substituted alkenes.94 These alkenes were each reacted competitively against 1-octenetetramethylethylenetetraethylethylene
TME TEE
A9-octalin
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with a series of a-bromomalonate ester derivatives. The alkenes utilized in this study
should demonstrate varying double bond steric accessibility. All, being tertrasubstituted,
should be of comparable electron density. Results for these reactions are given in Table
20. All reactions were initiated thermally with AIBN.
Table 20. Relative reactivities of sterically varied alkenes relative to 1-octene toward
various radical at 70 °C.
radical tetramethylethylenetetraethylethylene A9-Octalin
HC(CN)2 5.77 ± 0.28 1.27 ± 0.03 4.42 ± 0.21
HC(CN)CO2Et 2.96 ± 0.15 2.40 ± 0.14
HC(CO2Et)2 0.76 ± 0.03 0.08 ± 0.04a 0.82 ± 0.06b
Mee(CO2Et)2 0.35 ± 0.02 <4 x 10-3 0.38 ± 0.03
EtC(CO2Et)2 0.08 ± 0.02 0.15 ± 0.03
i- PrC(CO2Et)2 0.11 ± 0.03
a. Corrected value, 88 ± 4% of total reactivity due to allylic hydrogen atom abstraction.
b. Corrected value, 34 ± 2% of total reactivity due to allylic hydrogen atom abstraction.
The data show a general decrease in the value of the relative rate for reaction with
tetramethylethylene (TME). This should be taken not as a loss of selectivity, but rather a
reversal of the selectivity of the radicals in the series. All of the radicals in this series
should be electrophilic in nature. Giese, Homer, and Leising have demonstrated
dicarbethoxymethyl radical to be an extremely electrophilic species.144 The alkyl87
substituted malonate esters should have a decreased electrophilicity, combined with
increased stability due to a captodative effect. Although differences in the electronic
nature of these radicals exist, the data are most easily rationalized in terms of steric
variability. The small dicyanomethyl radical shows the greatest preference for the
electron rich TME, while the much larger dicarbethoxymethyl radical is over seven times
more selective for the less hindered terminal bond of 1-octene despite being a very
electrophilic species.144 As would be expected the radical derived from ethyl
bromocyanoacetate, being of intermediate size, shows an intermediate selectivity.
The latter two substrates should be of nearly identical electron density at the
double bond. However, the more constrained bicyclic system should prove more
accessible to addition. Indeed, tetraethylethylene (TEE) is virtually unreactive toward the
radical derived from diethyl bromomethylmalonate, while A9-octalin shows a range of
reactivities much more similar to those of TME.
Although allylic hydrogen atom abstraction reactions have not been observed in
prior studies involving bromomalonate derivatives, TEE was found to predominantly
react by this pathway with thethylbromomalonate.A value for the relative rate of
reaction with ethyl bromocyanoacetate could not be determined due to poor GC
separation; but, hydrogen atom abstraction predominated. In the case of diethyl
bromomalonate 88% of the TEE disappeared by this route (equation 84). This change
CH3CH2 CH2 CH3 ?02 Et
+BrCH
CH2CH3 CO2Et
CH3CH2
AIBN
C6 H6
70 °C
Br
CH3FC CH2CH3
CH3CH2 CH2CH3
+ isomer
CO2Et
CH2 (84)
CO2 Et
in preferred reaction relative to TME is reasonable, given a more difficult addition
process and the more labile secondary type hydrogen atoms of TEE. The increase in88
hydrogen atom lability on going from primary to secondary hydrogens has been
demonstrated in analogous benzylic systems. Ethylbenzene is much more prone to
hydrogen atom abstraction than toluene, by as much as 50 fold in an example involving
bromine atom as the abstracting agent.145 Change in mechanism of this type was also
recognized by Huyser in studies involving bromotrichloromethane additions to hindered
double bonds.146 Upon removal of the rotational freedom of the alkyl groups, as in the
A9 -octalin system, the amount of allylic hydrogen atom abstraction falls, in keeping with
increased ease of addition due to less steric congestion at the reaction site.
It was felt that the unique reaction of labile hydrogen atom abstraction by diethyl
malonyl radical deserved further investigation. In order to alleviate the difficulties
associated with competing addition reactions, hydrogen atom abstraction from benzylic,
rather than allylic systems was chosen for study. This would not only limit reaction to
that of abstraction, but would provide a system capable of a wide range of steric and
electronic variability. The abstracting radical itself is quite amenable to variation of steric
effects by simple alteration of the alkyl portion of the ester. Initial studies found only
photolylic initiation to give reasonable loss of starting material. This creates a potential
ambiguity in the identity of the chain carrying radical. We felt the study should be
twofold. Firstly, the steric and electronic sensitivity of the reaction to changes in
substituent would be assessed. Secondly, we hoped evaluation of these results would
lead to a clarification of the ambiguity between the two radical species capable of
carrying the chain process.89
Results and discussion
Preparation of Compounds
Most of the compounds used in this study were purchasedor previously
prepared in the our laboratory. Exceptions were:
A. Diethyl bromomalonate (DEBM), which was prepared per the procedure of
Raha by direct bromination of diethylmalonate with one equivalent of molecular
bromine.84
B. Preparation of 3,5-Dibromotoluene utilized the methodology of Coleman and
Talbot,147 which involved the direct bromination of 4-toluidine usingtwo equivalents of
molecular bromine, followed by diazatization and subsequent reductive dediazatazation
(equation 95).
(85)
C. 3-Chlorocumene was prepared by hydrogenation (Pd/C catalyst) of 4-chloro-
a-methylstyrene.148
D. Di-tert-butylbromomalonate was synthesized from malonic acid via
esterification149, followed by the bromination procedure of Hori et 0.150 with
bromotrichloromethane and diazobicylcoundecene (DBU).90
Purity was checked in all cases by 1H NMR andgas chromatography prior to use
and found to be equal to or better than 98%.
Discussion of Kinetic Results
Benzylic hydrogen atom abstraction by diethyl malonyl radical from toluenewas
found to involve short propagation chain lengths. Unlike the additionprocesses
previously discussed, reaction between DEBM and toluene couldnot be initiated by the
thermolytic decomposition of either AIBN or benzoyl peroxide.Initiation by a
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Scheme 22. A mechanism for photolytic benzylic bromination by diethyl
bromomalonate with the malonyl radical as the hydrogen atom abstracting
agent.
photolytic process using a broad spectrum light sourcewas found to cause the
disappearance of both DEBM and toluene. The time involved for this reaction, however,
was significantly greater than those utilizing similar brominating reagents, such as
bromotrichloromethane or NBS. Reactions involving DEBM and toluene showed 10%91
reaction of the toluene after 48 hours. This had increased to 25% reacted after 96 hours.
Based on the assumption that the malonyl type radical is the major hydrogen atom
abstracting species, reaction of DEBM with toluene would be expected to undergo
reaction by the mechanism shown in Scheme 22.
Once reaction conditions were optimized, material balance studies gave a 1:1 ratio
(within experimental uncertainty) of diethyl malonate formed to diethyl bromomalonate
consumed. The amount of toluene reacted was 69.3 ± 4.8% of either of the previous
compounds. This is in keeping with some degree of additional bromination of the
initially formed benzyl bromide. No bibenzyl was found in the reaction products.
In order to investigate the electronic sensitivity of diethylmalonyl radical to
hydrogen atom abstraction reaction, a Hammett study was conducted on a series of
substituted toluenes. A reaction temperature of 70 °C was utilized in order to allow for
comparison to studies done with other brominating agents. Pairs of substituted toluenes
were reacted with DEBM in the presence of chlorobenzene as an internal standard with
benzene as solvent in the approximate ratio of 1:1:1:1:5. The reactions were carried out
in a nitrogen atmosphere under reduced pressure in sealed Pyrex ampoules. The reaction
times varied from 15 to 141 hours. The resulting mixtures were analyzed by GC and
found to have no less than five percent reaction of the less reactive toluene. Table 21
lists the relative reactivities for the substituted toluenes used in the study.92
Table 21. Relative rates for the photoinitiated reaction between diethyl bromomalonate
and substituted toluenes at 70 °C.
Substrate Ea+ krel Number of
runs
p-methoxytoluene -0.78 4.12 ± 0.39 4
p-methyltoluene -0.31 2.14 ± 0.09a 4
toluene 0.00 1.00
p-chlorotoluene 0.11 1.20 ± 0.10 6
m-chlorotoluene 0.40 0.48 ± 0.07 6
3,5-dibromotoluene 0.81 0.19 ± 0.03 6
a. Statistically corrected
The results show a nearly 22-fold range in reactivity on going from the extremely
deactivated 3,5-dibromotoluene to the system containing the electron donatingp-
methoxy substituent. The individual values display a reasonable degree of precision and
generally decrease with increasing electron withdrawing efficiency of the substituent.
These relative rates were correlated with Hammett sigma parameters and best correlations
were obtained with sigma-plus parameters. This resulted in a linear plot (Figure 14)
with a correlation coefficient of -0.99 and a rho value of -0.89.1.0
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Figure 14. Hammett plot of the logs of the relative reactivities for the photoinitiated
reactions of substituted toluenes with diethyl bromomalonate at 70 °C versus
sigma-plus constants.
The negative slope and correlation with sigma-plus parameters is indicative of a
positive charge buildup at the benzylic reaction site in the transition state as is illustrated
in Figure 8. This decrease in reactivity with decreased electron density at the reaction
site (which gives rise to the negative slope in the Hammett plot) is in keeping with
diethyl malonyl radical being an electrophilic radical. This electrophilicity is94
predominantly due to the electron withdrawing effect of the carboalkoxygroups coupled
with an enolic type resonance. This resonance, shown in Figure 15, stabilizesthe
negative charge buildup at C-2 as shown by the two canonical forms XIV andXV.
These forms are important in stabilizing the transition state charge separated canonical
form as discussed in the introduction (see Figure 4). The correlation with sigma-plus
parameters indicates a build up of positive charge in the transition state, and therefore
further supports the diethyl malonyl radical beingan electrophilic species.
OEt OEt OEt
OEt OEt OEt
0
XIII XIV XV
Figure 15. Canonical forms showing the enolic stabilization for diethyl malonate
anion.
The Hammett rho value for this reaction is both large and negative demonstrating
a rather high sensitivity to changes in electronic effects. Table 22 lists rho values of
various electrophilic radicals, all correlated to sigma-plus constants, for hydrogenatom
abstraction from toluenes. The reaction involving DEBM has a rho value whose
absolute value is less than that for bromine atom generated from NBS. It cannot be said,
however, that bromine atom is not a participant in the chain carrying step of the reaction.95
Table 22. Representative p+ values for hydrogen atom abstractions from substituted
toluenes by electrophilic radicals at 70 °C.
Radical Source
p+a correlation
coefficient
DEBM (hv) -0.87 0.98
NBS (hv)a -1.19 0.97
BrCC13 (hv)a -0.69 0.95
BrCC13 (AIBN)a -0.38 0.98
a. Reference 158
Two possibilities, illustrated in Schemes 23 and 24, exist for such possible involvement.
These are respectively the Goldfinger mechanism analog for NBS brominations and the
Tanner mechanism analog for the corresponding photolytic reaction utilizing
bromotrichloromethane. Previous examples of these mechanisms can be found in the
Introduction, Schemes 2 and 5. Both mechanisms involve bromine atom as the chain
carrying radical and diethyl bromomalonate becomes little more than a reservoir for that
species. Although the possibility for either of these mechanisms exists in the
photolytically initiated bromination reaction, it is unlikely that bromine atom is the sole
hydrogen atom abstracting agent based on lower absolute value of rho compared to NBS
bromination.R R
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Scheme 23. Goldfinger analog for the mechanism for photolytic benzylic bromination
by diethyl bromomalonate with bromine atom as the hydrogen atom
abstracting agent.
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Scheme 24. Tanner analog for the mechanism for photolytic benzylic bromination by
diethyl bromomalonate with bromine atom as the hydrogen atom
abstracting agent.97
In order to evaluate the extent of any bromine atom participation, studieswere
undertaken to test the sensitivity of the reaction to steric changes at the benzylic reaction
site. A series of compounds with varying steric and electronic factorswere chosen. The
diethyl malonyl radical, being of comparably large size, should show changes in
selectivity to these compounds based on the steric congestion at the benzylic reaction
site. On going from a primary to a tertiary reaction site the electronic factors dictatea rise
in the relative reactivities, i.e., formation of a more stable tertiary radical should be
preferred. Bromine atom, due to its modest size, is quite sensitive to the electronic
changes at the reaction site. Russell and De Boer noted that the relative reactivities of
cumene:ethylbenzene:toluene toward bromine atom are 2.17:1:0.06.151 Larger radicals
should find attack on a more sterically demanding tertiary position more difficult.
Studies by Krosley and Gleicher on the larger trichloromethyl radical bear this out.54
Table 23 lists relative reactivities for a series of phenylalkanes. As the bulk at the
reactive site increases, such as in cumene going to 3-phenylpentane, the reactivity drops.
Table 23. Relative rates for AIBN initiated reactions between bromotrichloromethane
and unsubstituted alkylbenzenes at 70 °C.
System Hydrogen
Type
kree
cumene 30 4.51 ± 0.24
sec-butylbenzene 3° 2.02 ± 0.08
ethylbenzene 2° 1.00
3-phenylpentane 30 0.57 ± 0.03
n-propylbenzene 2° 0.61 ± 0.02
i-butzlbenzene 2° 0.43 ± 0.03
a. statistically corrected.98
Similar results, listed in Table 24, were obtained for reaction of thesame set of
phenylalkanes with DEBM. However, ifone looks at the ratio of rates for cumene to 3-
phenylpentane, the ratio goes from 7.91 for trichloromethyl,to 19.2 for DEBM. This
143% increase in the selectivity in favor of the less hindered substrate is inaccord with
the diethyl malonyl radical being a considerablymore sterically demanding radical.
Table 24. Relative rates for photoinitiated reaction between diethylbromomalonate and
unsubstituted allcylbenzenes at 70 °C.
System Hydrogen
Type
krela Number of
runs
cumene 30 11.50 ± 0.42 4
sec-butylbenzene 3° 3.24 ± 0.14 4
ethylbenzene 2° 1.00 ± 0.00 4
3-phenylpentane 3° 0.60 ± 0.06 4
n-propylbenzene 2° 0.58 ± 0.02 4
i-butylbenzene 2° 0.25 ± 0.04 4
toluene 1° 0.02 ± 0.01 5
a. Statistically corrected for number of benzylic hydrogens.
Further evaluation of the steric requirements of the systemcan be accomplished
by altering the size of the attacking radical. For thispurpose di-tert-butyl bromomalonate
was prepared and reacted with the cumene, 3-phenylbenzene pair. Di-tert-butyl malonyl
radical should be very similar electronically to the diethyl malonylsystem, as the change
in structure is located three bonds away from the radical site. The size requirements of
the di-tert-butyl ester should be greatly increasedover DEBM. The resulting relative rate
of 0.16 ± 0.02 represents a 73.3% decrease favoring the less congestedcumene system.
This increase in selectivity towards the substrate with the less restrictivereaction site99
indicates that much of the radical involved in the hydrogen atom abstractionprocess must
be the malonyl radical rather than bromine atom.
Hammett studies of hydrogen atom abstraction from substitutedcumenes have
been useful in the past in evaluating the steric versus electron demands of abstracting
species.160 Bromine atom was found to havea rho value of -0.29 when correlated with
sigma-plus constants. Bromotrichloromethane when initiated by a photolyticprocess
gave a rho value of -0.67 under the same conditions. Although both values are smaller
in absolute magnitude than the rho values for hydrogen atom abstraction from toluenes,
bromine atom is significantly lower in that aspect. It appears the electronic factors
associated with stabilization of a tertiary radical, leading to the decrease in sensitivity to
changes in the aromatic substituent, are partially compensated by steric factors
introduced by the involvement of the larger trichloromethyl radical.
A study of hydrogen atom abstraction from substituted cumenes by DEBM was
also carried out. Each of the substituted cumenes was reacted with DEBM in
competition with ethylbenzene together with o-dichlorobenzene as internal standard and
benzene solvent in the ratio of 1:1:1:1:5. The reaction mixture was prepared and reacted
under the same conditions as those chosen for the substituted toluenes. As expected,
electron donating substituents favor the reaction. Again, best correlation was achieved
with sigma-plus constants. The individual relative reactivities are given in Table 25 and
display reasonable precision. A rho value of -0.73 was calculated by linear regression
with a correlation coefficient (r) of 0.99 (Figure 16).100
Table 25. Relative rates for photoinitiated reaction between diethylbromomalonate and
substituted cumenes at 70 °C.
Substituent 6+ krela Number of
runs
p-methoxy -0.78 2.90 ± 0.24 6
p- isopropyl -0.28 1.54 ± 0.08b 6
m-isopropyl -0.06 1.06 ± 0.14b 6
hydrogen 0.00 1.00 ± 0.04 4
p-chloro 0.11 0.727 ± 0.019 4
p-nitro 0.79 0.221 ± 0.005 6
a. Ethylbenzene used as reference compound
b. Statistically corrected
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Figure 16. Hammett plot of the logs of the relative reactivities for the photoinitiated
reactions of substituted cumenes with diethyl bromomalonate at 70 °C
versus sigma-plus constants.101
The value of -0.73 for photolytic bromination by DEBM is much closer to the
rho value for the substituted toluenes (-0.87) than either bromine atom (-0.29) or the
combination of bromine atom and trichloromethyl radical (-0.67) discussed above. This
is best explained in terms of this abstracting radical being of significant size, thus leading
to a mutual compensation of electronic and steric factors.
While it may be argued using the above data that the major chain carrying species
is the carbon centered malonyl radical, it may be premature to eliminate the possibility of
bromine atom participation entirely. It is possible that the position of benzylic hydrogen
atom abstraction by bromine atom and diethyl malonyl radical along the reaction
coordinate may vary relative to one another. This could change the degree of
participation of either species depending on the substrate involved. Another potential
complication is the known reversibility of benzylic hydrogen atom abstraction by
bromine atom. If this reaction were to play a major role, the true relative rates would be
masked by subsequent reactions. If one considers the inherent disparity between the
difference in activation energies of the forward and reverse reaction for a pair of similar
exothermic reactions, the most stable radical should undergo the least reversal. Thus, in
a competitive reaction the product of the more stable radical would build up faster than its
competitor. This would give the appearance of a higher degree of selectivity for the
abstracting radical species. Despite these difficulties these results strongly suggest that
not only is bromine not likely to be the sole chain carrying species; but, its participation
is probably minimal as a hydrogen atom abstracting agent.Experimental
Procedures
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Gas chromatographic analysis was carried out with a Varian 3400 capillarygas
chromatograph equipped with an FTD detector, an autosampler, anda Varian 4290
integrating recorder. Either a 30 m x 0.25 mm DB-5, DB-17,or 30 m x .5 mm DB-54
capillary column was used, depending on the specific compoundsto be separated.
Helium was the carrier gas. Melting points were measured witha Buchi melting point
apparatus, using unsealed melting point capillary tubes. Melting points and boiling
points are uncorrected. Nuclear magnetic resonance spectra were obtained in solution
using a Bruker AM-400 or AC-300 instrument. Solvents utilizedwere chloroform-d1,
acetone-d6, dimethylsulphoxide-d6, or benzene-d6 depending on solubilities. Mass
spectrometry was accomplished by means of a Finnigan 4023 quadrupole mass
spectrometer with a source temperature of 145 °C and an internal temperature of 215 °C.
Purification of Reagents.
The purity of the reagents was determined by GC, unless otherwise indicated, and
was greater than 98% in all cases. In most cases, the purification methods were taken
from Purification of Laboratory Chemicals.153 Values for physical constantswere
obtained from the Handbook of Chemistry and Physics (CRC)154 unless otherwise
stated.
Purification of benzene. Benzene was washed three times withone quarter
volume of concentrated sulfuric acid, twice with saturated sodium bicarbonate solution,
once with brine and dried over anhydrous magnesium sulfate. The partially dried103
benzene was then distilled once from calcium hydride and then from sodium metal. The
fraction boiling between 79.5-80 °C (CRC 80.1 °C) was collected and storedover 4A
molecular sieves.
Purification of cyclohexane. Cyclohexane was washed three times witha
quarter volume of concentrated sulfuric acid, twice with saturated sodium bicarbonate,
once with brine and dried over anhydrous magnesium sulfate. The partially dried
cyclohexane was then distilled once from calcium hydride and then from sodium metal.
The fraction boiling between 70.5-81 °C (CRC 80.7 °C) was collected and stored over
4A molecular sieves.
Purification of diethyl ether. Commercial diethyl ether (Fisher) was
distilled from the blue benzophenone ketyl under argon immediately prior to use.
Purification of tetrahydrofuran (THF). Commercial THF (Fisher) was
distilled from the blue benzophenone ketyl under argon immediately prior touse.
Purification of 1,2-dicloroethane. Commercial 1,2-dichloroethane (Fisher)
was distilled from calcium hydride under argon immediately prior to use.
Purification of dimethyl sulfoxide (DMSO). Commercial dimethyl
sulfoxide (Aldrich 99.9%) was stored over copious 4A molecular sieve for three days
prior to use.
Purification of azobisisobutyronitrile (AIBN). Commercial AIBN
(Aldirch) was recrystallized from ethanol and stored in a desiccator over P205 with
refrigeration.
Purification of diethyl malonate. Commercial diethyl malonate (Aldrich)
was distilled under vacuum (18 ton). The fraction boiling from 77-77.5 °C was used
(CRC 96 °C at 22 ton).104
Purification of diethyl methylbromomalonate. Diethyl
methylbromomalonate was available in our laboratory from previous experiments.It
was found to be >99% pure by GC and was used without further purification.
Purification of ethyl 1-bromobutyrate. Ethyl 1-bromobutyratewas
available in our laboratory from previous experiments. Itwas found to be >99% pure by
GC and was used without further purification.
Purification of malonic acid. Commercial malonic acidwas used with out
further purification.
Purification of thionyl chloride. Commercial thionyl chloridewas distilled.
The fraction boiling between 75-78°C was collected (CRC b.p. 78.8 °C).
Purification of tert-butanol. Commercial tert-butanol (Fisher)was refluxed
over sodium metal and distilled. The fraction boiling at 80.5 °C was collected over 4A
molecular sieves (lit. 82.5 °C).153
Purification of N,N-dimethyl aniline. Commercial N,N-dimethyl aniline
(Baker) was dried over barium oxide for two days and distilled at reducedpressure.
Purification of docosane. Commercial docosane (Aldrich) was recrystallized
from absolute ethanol and dried in vacuo. The flat white crystalswere stored over P2O5.
M.p. 46.5-47.5 °C (lit. m.p. 47 °C).153
Purification of dodecane. Commercial dodecane was storedover 4A
molecular sieves. Purity was checked by GC and found to be >99%.
Purification of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU).
Commercial DBU (Aldrich 98%) was used without further purification.
Purification of bromotrichloromethane. Commercial
bromotrichloromethane (Aldrich 99%) was distilled from phosphorus pentoxide at
atmospheric pressure. The fraction boiling from 103-105 °C was collected and stored
over 4A molecular sieves.105
Purification of a-chloroacetic acid. Commercial a-chloroacetic acid
(Aldrich 99%) was used without further purification.
Purification of a-chlorotoluene. a-Chlorotoluene (Baker)was washed
with concentrated sulfuric acid until the acid washingswere clear, then twice with
saturated sodium bicarbonate, once with brine, dried over anhydrous magnesium sulfate
and distilled under reduced pressure using a water aspirator at approximately 15torr.
The fraction boiling between 72-74 °C (CRC 66 °C at 11 ton)was stored over 4A
molecular sieves.
Purification of 3-bromopropene. 3-Bromopropene (Aldrich 97%)was
washed with 20% sodium bicarbonate, twice with distilled water and driedover calcium
chloride for one day. The drying agent was decanted and the 3-bromopropene
fractionally distilled. The fraction boiling between 70-71 °C (CRC 70 °C at 752 ton)
was collected and stored.
Purification of 1-hydroxymethylnaphthalene. Commercial 1-
hydroxymethylnapthalene (Aldrich 99%) was used without further purification.
Purification of 2-iodomethylnaphthalene. 2-Iodomethylnaphthalenewas
previously synthesized in our laboratory. The purity was found to be better than 98% by
1H NMR and was used without further purification. No signal due to 2-
hydroxymethylnaphthalene was observed.
Purification of 9-allylanthracene. 9-Allylanthracene was previously
synthesized in our laboratory. Aromatic signal not due to 9-allylanthracene were
observed in the 1H NMR. The compound was separated by flash chromatography with
benzene/hexane solvent. The first band was collected and the solvent was removed and
1H NMR on the resulting crystals had no spurious signals.
Purification of pyridine. Commercial pyridine (Baker) was stored over 4A
molecular sieves and used without further purification.106
Purification of chlorotriphenylmethane. Commercial
chlorotriphenylmethane (Aldrich) was used without further purification.
Purification of paraformaldehyde. Commercial paraformaldehyde
(Aldrich) was used without further purification.
Purification of (E)-stilbene. Commercial (E)-stilbene was used without
further purification.
Purification of quinoline. Quinoline was converted to the nitrate salt with
1N nitric acid and recrystallized. The quinoline was released with 2N sodium hydroxide
and extracted with ethyl ether. The ether was removed and the resulting quinoline
distilled under reduced pressure 122-123 °C at 24 torr (CRC 114 °C at 17 ton).
Purification of 1-, 2-, and 9-anthracenemethanols. These compounds
were previously synthesized in our laboratory, 1H NMR showed them to be >95%
purity.
Purification of triphenylphosphine. Triphenylphosphine was recrystallized
from hexanes and air dried. M.p. 79.5-80 °C (lit. m.p. 80-81 °C).
Purification of iodine. Commercial iodine (99%) was used without further
purification.
Purification of 2-picoline. Commercial 2-picoline was used without further
purification.
Purification of 3-picoline. Commercial 3-picoline was used without further
purification.
Purification of 4-picoline. Commercial 4-picoline was used without further
purification.
Purification of methyl benzoate. Methyl benzoate was found to be >99%
purity by GC and was used without further purification.107
Purification of 3-bromoquinoline. Commercial 3-bromoquinoline (Aldrich
98%) was used without further purification.
Purification of 2-methylquinoline. Commercial 2-quinolinewas used
without further purification.
Purification of 4-methylquinoline. Commercial 4-quinoline was used
without further purification.
Purification of 2-bromoaniline. Commercial 2-bromoaniline (Aldrich
98%)was used without further purification.
Purification of 3-bromoaniline. Commercial 3-bromoaniline (Aldrich 98%)
was used without further purification.
Purification of 4-bromoaniline. Commercial 4-bromoaniline (Aldrich
97%)was used without further purification.
Purification of 2-phenylacetophenone. Commercial 2-
phenylacetophenone (97%) was recrystallized from cyclohexane/benzene and dried in
vacuo. M.p. 58-59 °C (lit. 60 °C).
Purification of toluene. Toluene was washed three times with one quarter
volume of concentrated sulfuric acid, twice with saturated sodium bicarbonate, once with
brine and dried over anhydrous magnesium sulfate. The partially dried toluene was then
distilled once from calcium hydride and then from sodium metal. The fraction boiling
between 110-111 °C (CRC 110.6 °C) was collected and stored over 4A molecular
sieves.
Purification of p-xylene. p-Xylene was washed twice with one quarter
volume of concentrated sulfuric acid, twice with saturated sodium bicarbonate, once with
brine and dried over anhydrous magnesium sulfate. The partially dried p-xylene was
then distilled once from calcium hydride and then from sodium metal. The fraction108
boiling between 110-111°C (CRC 110.6°C) was collected and stored over 4A molecular
sieves.
Purification of 3-chlorotoluene. 3-Chlorotoluene was washed with
concentrated sulfuric acid until the acid washings were clear, then twice with saturated
sodium bicarbonate, once with brine, dried over anhydrous magnesium sulfate and
distilled. The fraction boiling between 159-161°C (CRC 162°C) was used.
Purification of 4-methoxytoluene. 4-Methoxytoluene was distilled. The
fraction boiling between 172-173°C (CRC 176.5°C) was used.
Purification of 4-chlorotoluene. 4-Chlorotoluene was washed with
concentrated sulfuric acid until the acid washings were clear, then twice with saturated
sodium bicarbonate, once with brine, dried over anhydrous magnesium sulfate and
distilled. The fraction boiling between 159-160°C (CRC 162°C) was used.
Purification of 4-cyanotoluene. 4-Cyanotoluene was distilled. The fraction
boiling between 210-215°C (CRC 217.6°C) was used.
Purification of p-toluidine. p-Toluidine was recrystallized from boiling
water and dried under vacuum with phosphorus pentoxide to give white crystals, m.p.
43-45°C (CRC 44-45°C).
Purification of o-dichlorobenzene. Commercial o-dichlorobenzene was
washed three times with one quarter volume of concentrated sulfuric acid, twice with
saturated sodium bicarbonate solution, once with brine and dried over anhydrous
magnesium sulfate. The partially dried o-dichlorobenzene was then distilled from
calcium hydride. The fraction boiling between 178-180 °C (lit. 180.5 °C)153 was
collected and stored over 4A molecular sieves.
Purification of ethylbenzene. Ethylbenzene was washed with concentrated
sulfuric acid until the acid washings were clear, then twice with saturated sodium109
bicarbonate, once with brine, dried over anhydrous magnesium sulfate and distilled.
The fraction boiling between 134.5-135.5 °C (CRC 136.2 °C)was used.
Purification of 1,4-diisopropylbenzene.1,4-Diisopropylbenzene was
washed with concentrated sulfuric acid until the acid washingswere clear, then twice
with saturated sodium bicarbonate, once with brine, driedover anhydrous magnesium
sulfate and distilled. The fraction boiling between was storedover 4A molecular sieves.
Preparation of Compounds
Preparation of diethyl bromomalonate. Diethyl bromomalonatewas
prepared by the method of Palmer and McWherter.84 A 300 ml 3-necked rb flaskwas
fitted with a condenser and 250 ml separatory flask. To the separatory flaskwas
attached a length of tiagon tubing long enough to penetrate below the surface of the
solvent. To the 300 ml flask was added 65 ml of diethyl malonate and 65 ml of carbon
tetrachloride. With stirring 2-3 ml of molecular bromine was added. A broad band 270-
W UV lamp was turned on the reaction vessel. The red color of the bromine
immediately cleared. Addition of bromine was commenced and kept slow enough to
keep bubbling of hydrogen bromide to a minimum. Once the red color of the bromine
failed to disperse and disappear addition was stopped and the light turned off. The
reaction mixture was washed with five 50 ml portions of 5%aqueous sodium
bicarbonate and dried over anhydrous magnesium sulfate. The filtered solutionwas
stripped of solvent and fractionally distilled at reduced pressure (33 torr). The fraction
boiling from 132-135 °C was collected (40 ml) and found to be 97.5%pure by GC. Lit.
by 121-125 °C at 16 torr.84 1H NMR (300 MHz, CDC13): 4.833 (1H, s), 4.292 (4H,
q), 1.298 (6H, t).
Preparation of diethyl methyliodomalonate. Diethyl
methylbromomalonate (2.03 g, 8.49 mmol) was added with stirring to a saturated110
solution of sodium iodide in acetone in a large test tube.86 The solution became light
pink in color and a white precipitate formed. The mixturewas centrifuged and the liquid
decanted. Two milliliters of the sodium iodide/acetone solutionwas added and
centrifuged, and decanted. This process was repeated twicemore. The solvent was
removed to give 2.085 g (85.8%) of an orange colored liquid. 1H NMR showed
incomplete reaction with a ratio of 3.7:1 (iodide to bromide),as assessed from the C-2
hydrogen signals 2.0 ppm for the iodide and 2.2 ppm for the bromide. The NMR
spectrum was nearly identical to a previously reported synthesis by Curran et al.155 GC
analysis of the product mixture showed only two peaks. 1H NMR (300 MHz, CDC13):
3.872 (4H, q), 2.234 (3H, s), 0.810 (6H, t).
Preparation of pyridinium dichromate. The procedure of Corey and
Schmidt156 was followed. A solution of 25.0g (0.25 mol) of chromium trioxide in 25
ml of water was cooled and maintained at a temperature below 30 °C. Pyridine (20 ml)
was gradually added and the solution diluted with 100 ml of acetone. This solution was
cooled to -20 °C. After four hours the orange crystals were filtered, washed with
acetone and dried under vacuum to yield 48.9 g (52%). M.p. 143-145 °C (lit. mp 144-
146 °C).
Preparation of diethyliodomalonate. This procedure was adapted from that
of Curran et al.85 Increasing the iodine used to two equivalents increase conversion bya
factor of two. Use of PDC (rather than PCC) was found to result in an increase in the
lifetime of the product over that indicate by the authors. PDC has been previously used
in oxidative iodinations.
In a 50 ml rb. flask 1.2955 g of 4A molecular sieves, 1.2269 g (4.834 mmol) of
molecular iodine, and 1.7155 g (4.563 mmol) of PDC were combined with 20 ml of
dichloromethane. The mixture was stirred under a slow flow of nitrogen forone hour.
A mixture of 0.3830 g (2.392 mmol) of diethyl malonate in 5 ml of dichloromethanewas111
added and the mixture stirred at room temperature for an additional 22 hours. The
product mixture was then filtered through a plug of silica gel with diethyl ether, washed
with 5% aqueous sodium thiosulfate, dried with anhydrous magnesium sulfate, and the
solvent removed. This gave 0.3560 g (58.1%) of a yellowish oil. 1H NMR indicated
the oil to be a 2:1 mixture of diethyl iodomalonate to diethyl malonate. The actual yield
of DEIM is therefore 41.3%. 1H NMR (300 MHz, CDC13): 5.01 (1H s), 4.27 (2H q, J
= 7.1 Hz), 1.30 (3H t, J = 7.1 Hz).
Preparation of ethyl 1-iodobutanoate. Diethyl bromomalonate (2.03 g,
8.49 mmol) was added with stirring to a saturated solution of sodium iodide in acetone
in a large test tube.86 The solution became light pink in color and a white precipitate
formed. The mixture was centrifuged and the liquid decanted. Two milliliters of the
sodium iodide/acetone solution was added and the mixture centrifuged, and decanted.
This process was repeated until no more precipitate was produced. The solvent was
removed to give 2.085 g (85.8%) of a pink liquid. 1H NMR showed complete reaction.
1H NMR (300 MHz, CDC13): 4.3 (3H, m), 2.0 (2H,p),1.38 (3H, t), 0.985 (3H,t).
GC analysis of the product mixture indicated a purity of 98.4%.
Preparation of methyl chloroacetate. Monochloroacetic acid (25.0 g, 264
mmol) was mixed with 50 ml of anhydrous methanol and 50 ml toluene in a 250 ml rb
flask fitted with a condenser and Dean-Stark trap. Conc. Sulfuric acid (2m1) was added
and the mixture refluxed for 14 hours. After cooling the reaction mixture was added to
100 ml of water and the layers separated. The water layer was washed three times with
15 ml portions of ether and the organic layers combined. The organic layer was then
washed three times with 10% aqueous sodium bicarbonate and once with brine. The
organic layer was dried over anhydrous magnesium sulfate and the solvent removed to
give a clear liquid. Distillation gave 27.0 g (94.2 %) for the fraction boiling between112
127-129 °C. (CRC 129.8 °C) Index of refraction at 20 °C= 1.2333 (CRC nD20
1.2337).
Preparation of methyl iodoacetate. Methyl chloroacetate (7.30g, 67.3
mmol) was added with stirring to a 10 ml portion of a saturated solution of 10.9g
sodium iodide in acetone in a large test tube.86 No color changewas observed,
however, a white precipitate formed. The mixture was centrifuged and the liquid
decanted. Ten milliliters of the sodium iodide/acetone solution was added and the
mixture was again centrifuged, and decanted. This process was repeated untilno more
precipitate formed. Ether was added to the reaction mixture and washed with water three
times. The organic layer was separated and dried with magnesium sulfate. The solvent
was removed to give 2.085 g (85.8%) of a clear liquid. Reaction was followed by GC
and showed complete reaction with a purity of 99%.
Preparation of isopropylidene malonate. Meldrum's acid was prepared by
the method of Davidson and Bemhard.87a To a 250 ml Erlenmeyer flask was added
46.0 g (0.44 mol) of malonic acid and 50 ml of acetic anhydride. To this suspension
1.25 ml of concentrated sulfuric acid was slowly added with constant stirring. Nearly all
of the solid dissolved. To this solution was added 37.5 ml of acetone while cooling to
maintain the temperature at 20-25 °C. The reaction mixture was stored overnight in a
refrigerator. The resulting crystals were suction filtered and washed with ice water three
time to cover the cake, which was air dried. The resulting white crystals came to a mass
of 31.2 g (49 % yield). The solid was recrystallized from acetone (60% recovery).
m.p. 93-94 °C (dec.). Literature m.p. 94-95 °C (dec).87a
Preparation of isopropylidene bromomalonate. isopropylidene
bromomalonate was prepared by the method of Ott.87b To a 100 ml beaker was added
15.0 g (0.104 mol) of isopropylidene malonate and 52 ml of 2N NaOH. With stirring
the solid dissolved and was cooled to 2 °C. Molecular bromine was slowly added, the113
orange color rapidly dissipated and a light yellow precipitate formed. The temperature
was not allowed to get over 5 °C. The precipitate was collected and dissolved inwarm
benzene and filtered. Upon cooling long translucent crystals formed andwere filtered
and dried in air to give 8.4 g of translucent white needles (36 % yield).m.p. 86-90 °C.
Literature m.p. 87-92 °C.87b
Preparation of 4- phenyl -1- butene. The method of Kozacik and Reidwas
followed.77 A dry one liter round bottom flask equipped witha magnetic stirring bar
was charged with 22.0 g of Magnesium and 150 ml of anhydrous diethyl ether undera
nitrogen atmosphere. The mixture was stirred anda crystal of iodine added. 42 ml of 3-
bromopropene and 100 ml of anhydrous diethyl ether was added toa dry pressure
equalizing addition funnel. This solution was added dropwiseover 3.5 hours. The
reaction mixture became gray in color and boiled. After the additionwas complete the
mixture was allowed to stir for 2 hours. To a clean, dry 125 mlpressure equalizing
addition funnel was added 43 ml (47.3 g, 374 mmol) of benzyl chloride dissolved in 70
ml of anhydrous diethyl ether. This solution was added dropwise to the allyl magnesium
bromide over 3 hours and allowed to stir for 16 hours. The solutionwas then refluxed
for 4 hours, cooled, and quenched with 100 ml of water. The mixturewas separated
and the aqueous layer extracted twice with diethyl ether. The ether layerswere combined
and washed twice with 20% sodium bicarbonate solution, twice with distilledwater, and
dried over magnesium sulfate. The mixture was filtered and solvent removed. NMR
analysis of the crude material showed a 25% impurity of benzyl chloride. The crude
material was chromatographed on silica gel with pure hexanes to afford 8.9g (18%) of
99% pure 4- phenyl -l- butene. 1H NMR (300 MHz, CDC13): 7.382 (1H d), 7.317 (2H,
t), 7.231 (2H, d), 5.855 (1H, m), 5.038 (1H, dq), 4.970 (1H, dm), 2.707 (2H ,t),
2.367 (2H, q).114
Preparation of 4,4,4-tripheny1-1-butene. The method of Kozacikand
Reid was adopted.77 A dry 250 ml round bottom flask equipped witha magnetic stirring
bar was charged with 22.0 g (91.7 mmol) of Magnesium and 150 ml ofanhydrous
diethyl ether under a nitrogen atmosphere. The mixturewas stirred and a crystal of
iodine added. 3-Bromopropene (42 ml, ) and 100m1 of anhydrous diethyl etherwas
added to a dry pressure equalizing addition funnel. This solutionwas added dropwise
over 45 minutes. The reaction mixture became gray in color and refluxed. After the
addition was complete the mixture was allowed to stir for 1 hour. Toa clean, dry 125
ml pressure equalizing addition funnel was added 9.0g (32.28 mmol) of
chlorotriphenylmethane dissolved in 70 ml of anhydrous diethyl ether. This solution
was added dropwise to the ally! magnesium bromide over 1.5 hours and allowed to stir
for 16 hours. The solution was then refluxed for 4 hours, cooled, and quenched with
100 ml of water. The mixture was separated and the aqueous layer extracted twice with
diethyl ether. The ether layers were combined and washed twice with 20% sodium
bicarbonate solution, once with 10% aqueous sodium thiosulfate,once with brine, and
dried over magnesium sulfate. The mixture was filtered and solvent removed.The
crude material was recrystallized from absolute ethanol to give 8.9g (97 %) of 97.5 %
pure (by GC) 4,4,4 - triphenyl -1- butene. M.p. 59.5-61.5 °C. 1H NMR (300 MHz,
CDC13): 7.25 (15H, m), 5.65 (1H, m), 5.02 (1H, dq), 4.93 (1H, dq), 3.43 (2H, dt).
BC NMR (75.5 MHz, CDC13): 147.257, 135.938, 129.376, 127.716,125.927,
117.217, 56.255, 45,515. IR (KBr pellet): 3084.57 w, 3051.66w, 1637.77 w,
1597.26 w, 1493.09 m, 1442.94 m, 1385.07 w, 1001.08w, 914.37 m, 771.62 m,
760.05 m, 688.32 s.
Preparation of n-butylnitrite. The procedure of Noyes was followed.155 A
250 ml three neck rb flask fitted with a thermometer was charged with 25.3g (0.378
mol) sodium nitrite and 100 ml of water. The solution was cooled witha salt-ice bath115
with stirring until the solution temperature was 0 °C. A solution of 6.7 ml water, 9 ml
conc. sulfuric acid, and 25.0 g (0.337 mol) 1-butanol was cooled to 0 °C and added by
means of a separatory funnel that extends to the bottom of the flask. Addition was
control so that little gas is evolved and the temperature stays below 2 °C. The mixture
was allowed to stand until two layers formed. The layers were decanted from the solid
sodium sulfate that precipitated. The layers are separated and the upper organic layer is
washed with two 20 ml portions of sat. aqueous sodium bicarbonate and driedover
anhydrous sodium sulfate. Filtration gave 28.5 g (82%) of a clear liquid and was used
without further purification.
Preparation of 3- triptycenyl -1- propene. A hybrid procedure from
Friedman and Lugallo,83a and Yamamotto and Oki83b was used. A 100 ml 3 neck rb
flask, equipped with condenser and magnetic stirrer, was charged with a solution of
0.4372 g (2.003 mmol) of 9-allylanthracene and 1 ml of 1-butyl nitrite in 45 ml dry 1,2-
dichloroethane and gently refluxed. A solution of 0.8309 g (6.059 mmol) of anthranilic
acid in 20 ml of dry THE was added dropwise via cannulation over a one hour period.
The solution became dark brown and was refluxed for another hour. The vessel was
fitted for distillation and the solvent distilled until a head temperature of 140 °C was
reached. Maleic anhydride (1.5 g) was added and the mixture refluxed for 5 minutes.
The black mixture was cooled with an ice bath and rinsed into a beaker with a solution of
12 g potassium hydroxide, 100 ml methanol; and 50 ml water. The solution was stirred
in an ice bath for 30 minutes and extracted with methylene chloride. The combined
organic layer was dried with anhydrous magnesium sulfate stripped of solvent. The
remaining black tar was taken up in minimal 1:1 hexane/benzene and filtered through a
silica gel column. The first fraction was stripped of solvent and purified by means of
radial chromatography to give 0.2225 g (38%) of white crystals, 98% purity by GC.
M.p. 112 °C. 1H NMR (300 MHz, CDC13): 7.394 (6H, m), 6.985 (6H, m), 6.417116
(1H, m), 5.600 (1H, dt 3=1.93 and 17.55 Hz), 5.400 (1H, dm3=10.32 Hz), 5.383
(1H, s), 3.833 (2H, m).
Preparation of dilithium copper(II)tetrachloride solution. Themethod
of Tamura and Kochi was used to prepare this catalyst.78a Drycupric chloride (84.7
mg, mmol) and dry lithium chloride (134.5 mg, mmol) was dissolved in 10 ml
anhydrous THF.
Preparation of 1-bromomethylnaphthalene. This methodwas adapted
from that of House, Liang, and Meeks.82 Toa 50 ml rb flask was added 12 ml of
benzene, 1.4 ml pyridine and 3.4 ml phosphorous tribromide. The solutionwas stirred
and then 5.0065 g (31.65 nunol) of 1-hydroxymethylnaphthalenewas added and stirred
an additional 5 hours. Water (25 ml) was added and the layers separated. The organic
layer was washed twice with 10% aqueous sodium hydroxide and then withbrine. The
organic layer was dried with anhydrous magnesium sulfate, filtered, and the solvent
removed to give 6.3679 g (91.0%) of a white solid, 97% purity by 1H NMR. 1H NMR
(300 MHz, CDC13): 8.16 (1H d, J = 8.84 Hz), 7.89 (1H d, J= 8.0 Hz), 7.84 (1H d, J
= 8.35 Hz), 7.63 (1H dt, J = 6.9 and 1.44 Hz), 7.53 (2H t, J= 6.84 Hz), 7.41 (1H t, J
= 7.65 Hz), 4.96 (2H s).
Preparation of 4-(1-naphthyl)-1-butene. The method of Erdikwas
adopted.78c A dry 100 ml round bottom flask equipped witha magnetic stirring bar was
charged with 0.806 g (33.18 mmol) of magnesium and 40 ml of anhydrous diethyl ether
under a nitrogen atmosphere. A solution of 4.474g (36.98 mmol) of 3-bromopropene
and 15 ml of anhydrous diethyl ether was added to a drypressure equalizing addition
funnel. This solution was added dropwise over 90 min. The reaction mixture became
gray in color and gently refluxed. After the addition was complete the mixture was
allowed to stir for 1.5 hour. To a clean, dry 250 ml round bottom flaskwas added
2.3411 g (10.59 mmol) of 1-bromomethylnaphthalene dissolved in 40 ml of anhydrous117
diethyl ether. To this solution was added, via cannulation, the allyl magnesium bromide
over a period of 1 hour and then allowed to stir for 16 hours. The solution was then
refluxed for 4 hours, cooled, and quenched with 50 ml of water. The mixturewas
separated and the aqueous layer extracted twice with diethyl ether. The ether layerswere
combined and washed twice with 10% sodium bicarbonate solution, once with brine,
and dried over magnesium sulfate. The mixture was filtered and solvent removed. The
crude material was purified first by flash column chromatography on silica gel with
hexanes. Second, by radial chromatography on silica gel with pure hexanes to afford
1.3455g (70.2%) of 97% purity by GC, which was stored over 4A molecular sieves.
1H NMR (300 MHz, CDC13): 7.799 (3H, m), 7.639 (1H, s), 7.445 (3H, m), 7.351
(1H, dd), 5.913 (1H, m), 5.082 (1H, dm), 5.007 (1H, dm), 2.895 (2H, t), 43.973
(2H, q). 13C NMR (75.5 MHz, CDC13): 138.184, 137.855, 133.854, 131.815,
128.751, 126.614, 125.887, 125.715, 125.471, 125.071, 123.681, 114.884, 34.756,
32.413.
Preparation of 4-(2-naphthyl)-1-butene. The method of Erdik was
adopted.78c A dry 100 ml round bottom flask equipped witha magnetic stirring bar was
charged with 3.00 g of magnesium and 36 ml of anhydrous diethyl ether under a
nitrogen atmosphere. A solution of 4.198 g (.0347 mol) of 3-bromopropene and 13 ml
of anhydrous diethyl ether was added to a dry pressure equalizing addition funnel. This
solution was added dropwise over 45 min. The reaction mixture became gray in color
and gently refluxed. After the addition was complete the mixture was allowed to stir for
1 hour. To a clean, dry 250 ml round bottom flask was added 4.2903g (0.0160 mol) of
2-iodomethylnaphthalene dissolved in 40 ml of anhydrous diethyl ether.To this
solution was first added 1 ml of Li2CuC14 catalyst in THF. The allyl magnesium
bromide was then added, via cannulation, over a period of 1 hour and allowed to stir for
16 hours. The solution was then refluxed for 4 hours, cooled, and quenched with 50 ml118
of water. The mixture was separated and theaqueous layer extracted twice with diethyl
ether. The ether layers were combined and washed twice with 10% sodium bicarbonate
solution, once with brine, and dried over magnesium sulfate. The mixturewas filtered
and solvent removed. The crude material was chromatographedon silica gel with
hexanes resulting in g (78.3 % yield) of 99% pure 4-(2-naphthyl)-1-butene. 1H NMR
(300 MHz, CDC13): 7.80 (3H m), 7.64 (1H s), 7.44 (2H m), 7.35 (1H dd, J= 1.77
and 8.4 Hz), 5.91 (1H m), 5.08 (1H dq, J= 1.61 and 17.08 Hz), 5.01 (1H dq, J = 2.1
and 10.5 Hz), 2.89 (2H t, J = 8.2 Hz), 2.49 (2H qt, J= 1.33 and 8.3 Hz). 13C NMR:
139.310, 137.965, 133.588, 131.985, 127.779, 127.570, 127.404, 127.290,126.502,
125.818, 125.074, 115.003, 35.490, 35.364.
Preparation of 1-(9-anthracyI)-3-buten-l-ol. To a 50 ml rb flaskwas
added 800 mg (32.9 mmol) of magnesium and 15 ml of anhydrous ether undera
nitrogen atmosphere with stirring. To this was added 2.0 g (16.5 mmol) of ally!
bromide in 5 ml anhydrous ether slowly. The mixture becamegray and refluxed gently.
After the addition was complete the mixture was stirred an additional hour. This solution
was then added via cannulation to a solution of 1.0970g (4.418 mmol) of 9-
anthraldehyde in 50 ml of anhydrous ether. The solution became cloudy anda yellowish
precipitate formed. After addition the mixture was refluxed forone hour and then
cooled. The reaction mixture was quenched with 10% hydrochloric acid until slightly
acidic. The layers were separated and the organic layer washed with sat.aqueous
sodium bicarbonate and dried with anhydrous magnesium sulfate. The filtered solution
was stripped of solvent to give 1.2907 g (97.7%) of a yellow solid. 1H NMR (300
MHz, CDC13): 8.662 (2H, d), 8.409 (1H, s), 8.013 (2H, dd), 7.481 (4H, m), 6.291
(1H, dd), 5.965 (1H, m), 5.253 (1H, dm), 5.153 (1H, dm), 3.202 (1H, m), 2.868
(1H, m), 2.389 (1H, bs).119
Preparation of 4-(9-anthracy1)-1-butene. The above 1-(9-anthracy1)-3-
buten- 1-ol was reduced by the method of Bohlman, Steffeld, and Skuballa.79 Toa 250
ml rb flask was added 1.35 g (5.31 mmol) of molecular iodine and 100 ml of benzene.
The mixture was stirred until all the iodine had dissolved. A solution of 2.79g (10.6
mmol) of triphenylphosphine in 25 ml of benzene was added to the iodine solution. A
brown precipitate formed and the mixture was stirred until no purple colorwas apparent.
A solution of 1.2804 g (5.156 mmol) of the alcohol in 15 ml of benzene was added to
the slurry and refluxed for five hours. The reaction mixture was stripped of solvent and
the resulting solid taken up in 50:50 benzene hexane and separated by flash
chromatography. The solvent from the first fraction was removed and the resulting solid
recrystallized from benzene/hexanes to give 0.8673 g (72.4 %) of yellow crystals. M.p.
126-128 °C. 1H NMR (300 MHz, CDC13): 8.365 (1H, s), 8.272 (2H, d), 8.023 (2H,
d), 7.512 (4H, m), 6.081 (1H, m), 5.218 (1H, dm), 5.093 (1H, dm), 3.718 (2H, m),
2.579 (2H, m).
Preparation of 1-butylpyrene. This procedure of Tamao et al. was
followed.81a 1-Butyl magnesium chloride was formed by the reaction of 61.8mg
(2.543 mmol) of magnesium in 10 ml dry ether with 207.4 mg (2.240 mmol) of 1-
chlorobutane in 2 ml dry ether. The resulting Grignard reagent was added dropwise via
cannulation to a stirred solution of 304.5 mg (1.082 mmol) of 1-bromopyrene and 10.0
mg Ni(dppe)C12 in 40 ml dry THF. After addition the mixture was refluxed for two
hours and quenched with 20 ml 1N HC1. The layers were separated and the aqueous
layer extracted with three 20 ml portions of ether. The combined organic layers were
washed with three 20 ml portions of sat. sodium bicarbonate and dried over anhydrous
magnesium sulfate. The solvent was removed and the remaining brown solid purified
by flash column chromatography using silica gel and hexane/benzene eluent. The120
solvent was removed to give 257.4 g (92%) of a tan solid. 1H NMR (300 MHz,
CDC13): 3.351 (2H, m), 1.886 (2H, m), 1.554 (2H, m), 1.023 (3H, t).
Preparation of 3-buten-l-ol. The method of House, Liang, and Meekswas
followed.82 To a 250 ml rb flask, fitted with condenser and dropping funnel,was added
11.2 g (461 mmol) of magnesium and 80 ml of anhydrous ether. Ally' bromide (40.2g,
332 mmol) in 30 ml of dry ether was slowly added. Reflux began and the solution
turned gray. After the addition the reaction mixture was refluxed for one hour. The
solution was cooled and added to a slurry of 10.5 g (350 mmol) paraformaldehyde in 20
ml of dry ether. The suspension was refluxed with stirring for six hours. The mixture
was cooled and quenched with 1 N hydrochloric acid. The layers were separated and the
aqueous layer washed with four 20 ml portions of ether. The ether layers were
combined and dried over anhydrous magnesium sulfate and sodium carbonate. The
solution was filtered and fractionally distilled. The fraction boiling between 100-115 °C
was collected to give 7.5 g (31.3%) of a clear liquid. 1H NMR (300 MHz, CDC13):
5.81 (1H, m), 5.12 (2H, m), 3.69 (2H, t, J=6.3Hz, 2.35 (2H, m), 1.51 (1H, bs).
Preparation of 4-bromo-1-butene. The method of House, Liang, and
Meeks was followed.82 To 11.8 g (42.75 mmol) of cold (-15 °C) phosphorus
tribromide was added dropwise with stirring a solution of 11.024 g of 3-buten- 1-ol and
2.54 g pyridine. During the addition the temperature was maintained at -15 °C. The
resulting orange slurry was stirred an additional two hours at 25 °C. The slurry was
distilled and the fraction boiling between 98-100 °C was collected to give 1.938 g
(17.6%) of a clear liquid. 1H NMR (300 MHz, CDC13): 5.81 (1H, m), 5.13 (2H, m),
3.40 (2H, t), 2.61 (2H, qt).
Preparation of 4-(1-pyreny1)-1-butene. This procedure of was adapted
from Tamao et al.81a 1-Butenyl magnesium chloride was formed by the reaction of 61.8
mg (2.543 mmol) of magnesium in 15 ml dry ether with 480.2 mg (3.557 mmol) of 4-121
bromo- 1 -butene in 3 ml dry ether. The resulting Grignard reagent was added dropwise
via cannulation to a stirred solution of 500.6 mg (1.781 mmol) of 1-bromopyrene and
9.8 mg Ni(dppe)C12 in 50 ml dry THF. After addition the mixture was refluxed for two
hours and quenched with 20 ml IN HC1. The layers were separated and the aqueous
layer extracted with three 20 ml portions of ether. The combined organic layers were
washed with three 20 ml portions of sat. sodium bicarbonate and dried over anhydrous
magnesium sulfate. The solvent was removed to give 438.3 g (96%) of a brown solid
that was contaminated with pyrene from the starting 1-bromopyrene. 1H NMR (300
MHz, CDC13): Aromatics centered at 8.2 (15.8 H), 6.0 (1H, m), 5.1 (2H, m), 3.46
(2H, m), 2.63 (2H, dq).
Preparation of 1-anthracenecarbaldehyde. To a 100 ml rb flask was
added 7.4 g (17.56 mmol) of the Dess-Martin oxidant117 (vide infra) in 70 ml of
dichloromethane with stirring at room temperature. To this was added a solution of 2.8
g (13.44 mmol) of 1-hydroxymethylanthracene in 50 ml of dichloromethane. Resulted
in 2.2 g (10.67 mmol, %) of a yellow solid. mp 126-128 °C. 1H NMR (300 MHz,
CDC13): 10.41 (1H, s), 9.95 (1H, s), 8.52 (1H, s), 8.29 (1H, d), 8.15 (1H, m), 8.00
(2H, m), 7.60 (3H, m).
Wittig method 1 for preparation of 1- aryl -2- phenylethenes. The
preparation of 1-styrenylnaphthalene is given as an example.
Part I. A solution of 3.0 g (11.1 mmol) of 9-bromomethylanthracene and 2.9 g
(11.1 mmol) triphenylphosphine in 10 ml toluene was prepared and refluxed for 22
hours. Solid began to form after 7 minutes. The mixture was cooled and the solid
filtered and washed with toluene. After air drying 4.3 g (72.9%) of a pale yellow solid
was collected.
Part II. A slurry of 4.3 g (8.1 mmol) of the phosphonium salt in 50 ml of THF
was prepared and stirred under nitrogen. At room temperature 3.4 ml of 2.5 M butyl122
lithium (8.5 mmol) was added by injection. The mixture became dark red andwas
stirred for 20 minutes. To this was slowly added 1.8 ml (17 mmol) of benzaldehyde in
15 ml THF by syringe. The color became orange-brown. It was then refluxed for 6.5
hours. After cooling the solution was added to 100 ml of ice. After the ice melted the
layers were separated and the water layer was washed with three 75 ml portions of
diethyl ether. The combined organic layers were dried over anhydrous magnesium
sulfate and filtered. Removal of the solvent gave a orange-brown oil. Addition of 100
ml of methanol precipitate a yellow solid. This was filtered and dried to give 1.1 g
(49%). 1H NMR spectra showed only the trans isomer.
Wittig method 2 for preparation of 1- aryl -2- phenylethenes. A slurry
of 4.3 g (8.1 mmol) of the phosphonium salt in 50 ml of THF was prepared and stirred
under nitrogen. At room temperature 3.4 ml of 2.5 M butyl lithium (8.5 mmol) was
added by injection. The mixture became dark red and was stirred for 20 minutes. To
this was slowly added 1.8 ml (17 mmol) of benzaldehyde in 15 ml THF by syringe.
The color became orange-brown. It was then refluxed for 6.5 hours. After cooling the
solution was added to 100 ml of ice. After the ice melted the layers were separated and
the water layer was washed with three 75 ml portions of diethyl ether. The combined
organic layers were dried over anhydrous magnesium sulfate and filtered. Removal of
the solvent gave a orange-brown oil. Addition of 100 ml of methanol precipitate a
yellow solid. This was filtered and dried to give 1.1 g (49%). 1H NMR spectra showed
only the trans isomer.
Preparation of (E) -1- aryl -2- phenylethenes by isomerization. The
isomerization technique was patterned after Evertt and Kon.88 The mixture of cis and
trans isomers of 1-styrenylnaphthalene was refluxed with a few crystals of molecular
iodine in 75 ml of nitrobenzene for 4.5 hours. Mesitylene was later found to give better
yields in this reaction. The solution was then cooled and the solvent removed. Much123
tarring occurs with nitrobenzene. The solid was then recrystalized from
methanol/benzene to give 4.6 g.
Table 26. Yields and selected physical properties of styrenylarenes.
Exocyclic
Aryl group double bond
coupling
constant (Hz)
melting pointlit. melting
point
% yield
1-naphthyl 15.60 69-70 70-70.5 48.7
2-naphthyl a 147-148.5 145-146 67.3
1-anthracyl 15.23 132 58.2
2- anthracyl a 247-249 91.8
9-anthracyl 16.30 116-118 132 49.0
9-phenanthryl15.48 112.5-114 57.4
6-chrysenyl 16.07 154-155 88.3
a. Cannot be extracted from otheraromatic signals
Preparation of Dess-Martin oxidant.117 In a one liter beaker 30 g of 2-
iodobenzoic acid, 250 ml of water, and 12 ml of conc. sulfuric acid stirred with a
mechanical stirrer. Over a 15 min period 27 g of potassium bromate was added. A thick
yellow-cream solid appears. The mixture is heated slowly with stirring (over 1.5 hours)
to a temperature of 65-70 °C and maintained for 3.5 hours using a water bath. Some
solid dissolves, that remaining becomes more granular. The mixture is left to cool in the
refrigerator overnight. The resulting solid was filtered and washed with four 200 ml
portions of water. After air drying the product amounted to 29 g (104 mmol, 86%
yield). The product was then dissolved in 81 ml of glacial acetic acid and 91 ml of acetic
anhydride heated in an oil bath to 100 °C. The sample dissolved after 45 min. The
solution is maintained at this temperature for an additional hour. It was cooled and
approximately 80% of the solvent removed. After refrigeration the resulting slurry is124
filtered and the solid washed with 200 ml of anhydrous diethyl ether. After drying the
product amounted to 40 g (94.3 mmol, 90.7% yield) with no smell of acetic acid. 1H
NMR (300 MHz, CDC13): 8.25 (1H, dd), 8.01 (1H, d), 7.92 (1H dt), 7.72 (1H, t),
2.27 (3H s), 2.15 (3H s), 2.10 (3H s).
Preparation of 2- aryl -1- phenyl- ethanols. The method of Bruker, Hansen
and Anderson was used as a model. The preparation of 1-pheny1-2-(2-anthracy1)-1-
ethanol is given as an example.116
A solution of 25 g (97.2 mmol) 9-bromomethylanthracene in 150 ml ether and 50
ml benzene was cooled in an ice bath with stirring under a nitrogen atmosphere. To this
was added 43.2 ml of 2.5 M butyl lithium that resulted in a red-orange slurry. The
mixture was stirred for one hour, after which 13.5 ml of styrene oxide in 20 ml
anhydrous ether and 30 ml benzene were added. Once the addition was complete the
solution was warmed to room temperature. The orange solution was refluxed for one
hour. After 15 minutes a solid formed. The reaction was carefully quenched with 60 ml
of sat. ammonium chloride. The layers were separated and the water layer extracted with
ether. The organic layers were combined and washed with two 100 ml portions of water
and then dried over anhydrous magnesium sulfate. The solvent was removed to give an
oil. A yellow solid (18.0 g, 62.5%) was precipitated from the oil with a solution of 20
ml of benzene and 100 ml pentane.
Preparation phenacylarenes by Dess-Martin oxidation. Method A.
The preparation of 1-phenacylpyrene is given as an example.
A solution of 2.3 g of the 1- phenyl- 2- (1- pyrenyl) -1 -ethanol in 75 ml of
dichloromethane was prepared in a 125 ml beaker. A slurry of 3.7 g of the Dess-Martin
oxidant in 50 ml of dichloromethane was added and 50 ml of dichloromethane was used
to wash the walls of the beaker. During the two hour reaction time the solution darkened
to an orange color. To the solution was added 100 ml of 5% aqueous sodium hydroxide125
and 100 ml diethyl ether. The layers were separated and the organic layer washed with
100 ml 5% aqueous sodium hydroxide. The combined aqueous layerswere washed
with 75 ml dichloromethane and 75 ml of ethanol were added to the organic layer. The
organic layer was washed with four 50 ml portions of water and dried over anhydrous
magnesium sulfate. The 2-iodobenzoic acid was recovered by acidification of the
aqueous layer. The organic layer was filtered and the solvent removed to give a pale
ecru solid. Recrystallization from benzene/cyclohexane resulted in 1.5 g (65.6%) of
solid. Physical properties of other phencylarenes are listed in Table 28 below.
Preparation of phenacylarenes by Corey masked ketone (Method B).
The preparation of 2-phenacylanthracene is given as an example and was patterned after
the procedure of Corey et al.11 813,c
Part I. A solution of 0.70 g (3.57 mmol) 2- phenyl -1,3- dithiane in 25 ml of THF
was prepared with stirring under a nitrogen atmosphere. By syringe 1.50 ml of 2.5 M
butyl lithium was added at -78 °C. The resulting green solution was stirred for 1.5
hours. To the solution was added 2.4 g crude 2-bromomethylanthracene (est. 40%
pure, 3.54 mmol) in 75 ml THF (not totally soluble). The solution became red and was
stirred for an additional two hours at -78 °C. After warming to room temperature the
solution was stirred 14 hours. The solution was poured into 150 ml of water. The
mixture was extracted with three 50 ml portions of dichloromethane and one portion of
ether. The combined organic layers were dried over anhydrous sodium sulfate, filtered
and solvent removed. The resulting solid was dissolved in a minimum of
dichloromethane and reprecipitated with pentane. This resulted in 1.7 g of 60% purity
after filtration and drying.
Part H. The dithiane product was placed into a solvent consisting of 50 ml of
acetonitrile and 10 ml water. To this was added 2.09 g of mercuric chloride and 0.83 g
mercuric oxide. The slurry was refluxed with stirring under nitrogen for five hours.126
The mixture was then filtered and washed with 150 ml dichloromethane,which was
added to the original filtrate. The organic layerwas separated and washed with brine,
water, and finally dried over anhydrous magnesium sulfate and filtered. Removal of the
solvent and recrystallization from dichloromethane/pentanegave a final yield of 0.38 g of
65% purity by GC. Silica gel chromatography with benzene/hexanes followedby
recrystallization resulted in purity of 98 %.
Preparation of phenacylarenes from arylacetic acids (Method C). The
preparation of 2-phenacylnaphthalene is given asan example and was patterned after the
procedure of Jorgensen.121
A solution of 4.65 g (25 mmol) of 2-naphthylacetic acid in 200 ml of anhydrous
ether was prepared and stirred mechanically undera nitrogen atmosphere. The solution
was cooled to 0 °C and 23 ml of 1.8 M phenyl lithium (50.4 mmol) was added over 15
minutes. A white solid forms, turns yellow and darkened. Afterone hour the
temperature is increase to room temperature and stirred another two hours. The solution
is then poured slowly, while stirring, into 400 ml of ice water with 100 ml of 10% HC1.
The layers are separated, the aqueous layer was extracted with 100 ml of ether. The
organic layers were combined, extracted with 50 ml of 10% sodium hydroxide,and
washed with two 100 ml portions of water. These latteraqueous layers were combined
and acidified to yield 3 g of recovered starting acid. The organic layerwas dried with
anhydrous magnesium sulfate, filtered and solvent removed. The resulting solidwas
recrystallized to give 700 mg of ketone that was > 90% purity.127
Table 27. Selected physical properties of phenacylhomoarenes.
aryl group Methylene 1HMelting Method
NMR signal Point
1-naphthyl 4.76 110-111 A
2-naphthyl 4.55 127-129 C
1-anthracyl 4.85 B
2-anthracyl 4.49 196.2-198.4 B
9-anthracyl 5.34 242-243 A
2-phenanthryl4.68 183-184 C
3-phenanthryl4.56 95-96.5 C
9-phenanthryl4.77 139-140 A
1-pyrenyl 5.01 146-148 A
Preparation of silver sulfate. To a solution of sodium sulfate (6.8g, 48
mmol) in 50 ml water was added silver nitrate (8.2 g, 48 mmol) in 50 ml of water a
white solid precipitated and was collected by filtration and dried under vacuum for two
days to yield 14.1g (94%).
Preparation of 5-iodoquinoline. The proceedure of Kiamuddin and Hague
was followed.127 Separated from a mixture of 5 & 7-iodoquinolines made via direct
iodination of quinoline. A mixture of 23.9 g (185 mmol) quinoline, 11.5 g (36.9 mmol)
silver sulfate, and 100 ml of conc. sulfuric acid was heated to 170 °C. Iodine (4.7 g)
was added in small quantities. Silver iodide precipitated from the reaction mixture and
the reaction was allowed to proceed for one hour. The cooled mixture was filtered
through a sintered glass filter and poured into ice cold sodium sulfate solution and
basicified with sodium hydroxide. The mixture was then steam distilled, extracted with
ether and concentrated. The excess quinoline was distilled off at reduced pressure and
the residue taken up in 3M sulfuric acid. The solution was treated with 1M sodium
hydroxide until a pH of 3.5 was reached. The 5-iodoquinoline precipitated and was128
filtered. The crystals were taken up in ether and dried over anhydrous sodium sulfate.
The solvent was removed and the solid recrystallized for ethanol to give 1.673g (3.5%
based on quinoline) of a light tan solid. M.p. 96-97.5 °C, lit.m.p. 100 °C. 1H NMR
(300 MHz, CDC13): 8.87 (1H d, J = 4.19 Hz), 8.37 (1H d, J= 8.53 Hz), 8.10 (2H t, J
= 7.42 Hz), 7.46 (1H dd, J = 4.20 and 8.50) 7.41 (1H t, J= 8.02 Hz).
Preparation of 6-bromoquinoline. A 1-liter round bottom 3-necked flask
was charged with 30.0 g (174 mmol) 4-bromoaniline, 34.7 ml (476 mmol) glycerol, 22
ml (223 mmol) nitrobenzene and a magnetic stir bar. The mixturewas heated gently
with stirring to dissolve the 2-bromoaniline. After dissolution, 22.3 ml ofconc. sulfuric
acid was added dropwise with stirring over 3 hours. A tan solid formed and stirring
became impossible; the mixture was allowed to stand 16 hours. The mixturewas then
brought to a gentle reflux over a period of one hour, during which the solid dissolved
and the solution became dark black; it was then refluxed for 6 hours. The solutionwas
cooled and 300 ml of water added and steam distilled until all nitrobenzenewas
removed. Sodium nitrite (2.5 g) was added until brown vapors appeared, then rendered
basic with sodium hydroxide. Another 300 ml of water was added and the product
separated from the mixture by steam distillation. The distillate was washed three times
with diethyl ether and organic layers combined and dried over magnesium sulfate. The
mixture was filtered and stripped of solvent to afford 19.3 g of a brown oil (63% yield,
99.5 mmol). The crude product was distilled at 0.45 ton the fraction boiling from 107-
108 °C was collected as a yellow oil. 1H NMR (300 MHz, CDC13): 8.910(1H, dd),
8.055 (1H, d), 7.981 (2H, dd), 7.779 (1H, dd), 7.408 (1H, dd).
Preparation of 7-bromoquinoline. Separated from a mixture of 5 & 7-
bromoquinolines made via Skraup reaction from 3-bromoaniline from the method of
Tomita et al. A 500 ml 3-neck round bottom flask was charged with 11.71 g (68.47
mmol) 3-bromoaniline, 9 ml nitrobenzene, and 13.5 ml glycerine. From an addition129
funnel 8.7 ml of conc. sulfuric acid was added dropwise with rapid stirring. The
mixture solidified with much heat evolution and was allowed to cool 16 hours. The
mixture was heated slowly to reflux over the period of one hour and refluxed for 8
hours. The black solution was cooled to room temperature and 80 ml ofwater added.
The nitrobenzene was steam distilled off the mixture. The solutionwas cooled and
sodium nitrite added until brown vapor was evolved. A 50% NaOH solutionwas added
until the reaction mixture was basic. An additional 200 ml of waterwas added and the
product steam distilled from the mixture over a period of five days. Theaqueous
suspension was washed with ether and the organic layers separated and combined. The
organic layer was washed with sat. aqueous sodium bicarbonate, separated and dried
over anhydrous magnesium sulfate. The mixture was filtered and the product stripped of
solvent to give 9.9723 g (70% yield) of an orange oil. The oilwas distilled under
vacuum (1.4 torr). The liquid (3.47 g) was dissolved in 1N nitric acid with heating.
The solution was then cooled quickly to give the nitrate salt of 7-bromoquinolineas tan
crystals. In an attempt to isolate the 5-bromoquinoline the mother liquorwas made
alkaline and extracted with ether. The ethereal solution was treated with saturated oxalic
acid in ethanol to give a light brown solid. The solution was make alkaline with
ammonium hydroxide. The resulting oil was found to be contaminated with 7-
bromoquinoline (33%), which could not be separated by chromatography. The 7-
bromoquinoline nitrate was placed in 75 ml of water and made alkaline with 50% sodium
hydroxide. The mixture was extracted with three 15 ml portion of ether. The organic
layers combined, dried with anhydrous magnesium sulfate, filtered, and solvent
removed. The solid was recrystallized from methanol to give 1.2294 g (35%) of a
brownish solid after drying under vacuum. mp 35-36 °C, lit. mp 31-32.5 °C. 1H NMR
(300 MHz, CDC13): 8.920 (1H, dd J=1.74 and 4.27 Hz), 8.300 (1H, d J=1.43 Hz),130
8.137 (1H, dd J=1.18 and 8.21 Hz), 7.683 (1H, t J=8.67 Hz), 7.637 (1H, dd J=8.74
and 1.99 Hz), 7.421 (1H, dd J=4.15 and 8.34 Hz).
Preparation of 8-bromoquinoline. A 1-liter round bottom 3-necked flask
was charged with 25.5 g 2-bromoaniline, 30 ml glycerol, 21 ml nitrobenzene and a
magnetic stir bar. The mixture was heated gently with stirring to dissolve the 2-
bromoaniline. After dissolution, 19.5 ml of conc. sulfuric acidwas added dropwise
with stirring over 3 hours. A tan solid formed and stirring became impossible. The
mixture was allowed to stand 16 hours. The mixture was then brought toa gentle reflux
over a period of one hour, during which the solid dissolved and the solution became
dark black; it was then refluxed for ten hours. The solution was cooled and 300 ml of
water added. The mixture was then steamed distilled until all nitrobenzene was
removed. Sodium nitrite (2.5 g) was added until brown vapors appeared, then basicified
with sodium hydroxide. Another 300 ml of water was added and separated by steam
distillation. The distillate was extracted with three portions diethyl ether and the organic
layers combined and dried over magnesium sulfate. The mixture was filtered and
stripped of solvent to afford 19.3 g of a brown oil (63% yield). The crude productwas
distilled at 0.45 toff the fraction boiling from 107-108°C was collected as a yellow oil.
1H NMR (300 MHz, CDC13): 9.045 (1H, dd J= 4.17 and 1.55 Hz), 8.157 (1H, d J =
8.26 Hz), 8.052 (1H, d J = 7.54 Hz), 7.785 (1H, d J= 8.16 Hz), 7.457 (1H, dd J =
4.29 and 8.26 Hz), 7.392 (1H, distorted triplet J = 7.74 and 8.00 Hz).
Preparation of 2- (2- pyridyl)- 1- phenylethanone. The method of Wolf et
al. was followed.122 A clean, dry, 1-L 3-necked round bottom flask was charged with
19.0 g (396 mmol) of 50% NaH/oil dispersion. The NaH dispersion was washed twice
with hexanes and dried with a stream of nitrogen. To the flask was added 200 ml
anhydrous dimethoxyethane (DME). The 2-methylpyridine (4.8g, 51.6 mmol) and
methyl benzoate (9.8 g, 72.0 mmol) were combined with 100m1 anhydrous DME in a131
125 ml pressure equilibrating addition funnel and added dropwise over 35 min. to the
refluxing NaH mixture. The mixture became yellowish-green in color. The reaction
mixture was refluxed for 48 hours and cooled. A mixture of 100 ml of ether, 10m1 of
acetic acid, and 100 ml of water was added. After further cooling another 10 ml of acetic
acid and 100 ml of water were added. The layers were separated, the aqueous layer was
extracted with 3 portion of ether, all organic layers were combined and washed twice
with saturated sodium bicarbonate solution, water and then dried over anhydrous
magnesium sulfate. Removal of solvent afforded 9.8 g of a dark red oil (96.1% yield,
49.7 mmol). A portion of the oil was distilled under reduced pressure (0.5 torr) to give
a yellow liquid that solidified on standing. This liquid was dissolved in 2N HBr. A
solid formed was filtered and recrystallized from water. Neutralization, extraction with
ether, and removal of solvent gave yellow crystals that were recrystallized from hexanes.
Preparation of the 4-phenacylpyridine isomer, as well as, the 2- and 4-
phena.cylquinolines involved nearly identical procedures.
Preparation of 2- (3- pyridyl)- 1- phenylethanone. Into a clean, dry, 2-
neck round bottom flask, equipped with a glass coated magnetic stirring bar, cold trap
and drying tube was condensed approximately 130 ml of anhydrous ammonia.
Potassium (5.2 g) was added. The solution was refluxed for 15 minutes after which
12.4 g (mmol) of 3-picoline was added over 15 minutes. The solution became deep red.
Through a pressure equalizing dropping funnel was added 9.1 g (mmol) of methyl
benzoate in 10 ml ether was added over 20 minutes. The solution became violet in color
and was refluxed for one hour. The reaction was quenched by the addition of 7.3 g
ammonium chloride. The ammonia solvent was replaced with 100 ml ether and allowed
to warm to room temperature. The ether solution was extracted with 100 ml portions of
10% hydrochloric acid. The aqueous layers were combined, made basic to litmus with
NaOH and extracted with three 50 ml portions of ether. The ether layers were132
combined, washed with 5% sodium bicarbonate solution, brine, and dried over
magnesium sulfate. The solvent was stripped and the resulting oil filtered through silica
gel with 50:50 hexanes/ethyl acetate. Removal of solvent gave 15.0 g (38.2% yield) ofa
tan solid. Recrystallization from hexanes yielded 99% pure material.
Preparation of 2- (4- pyridyl)- 1- phenylethanone. A clean, dry, 1-L 3-
necked round bottom flask was charged with 18.0 g (375 mmol) of 50% NaH/oil
dispersion. The NaH dispersion was washed twice with hexanes and dried with a
stream of nitrogen. To the flask was added 200 ml anhydrous DME. The 4-
methylpyridine (4.9g, 52.65 mmol) and methyl benzoate (9.8 g, 72.0 mmol) were
combined with 100 ml anhydrous DME in a 250 ml pressure equilibrating addition
funnel and added dropwise over 20 min. to the Nall mixture. The reaction mixture was
refluxed for 48 hours and cooled. A mixture of 100 ml of ether, 10 ml of acetic acid,
and 100 ml of water was added. After further cooling another 10 ml of acetic acid and
100 ml of water were added. The layers were separated, the aqueous layer washed twice
with ether, all organic layeres were combined and washed twice with saturated sodium
bicarbonate solution, water and then dried over anhydrous magnesium sulfate. Removal
of solvent afforded 9.8 g of a yellow solid (94.4% yield, 49.7 mmol). The product was
recrystallized three times from benzene/cyclohexane.
Preparation of 2- (3- quinolyl)- 1- phenylethanone Into a clean, dry, 100
ml, 3-neck round bottom flask, equipped with magnetic stirring bar and under positive
pressure of nitrogen was placed 2.346 g of potassium tert-butoxide and 40 ml of dry
DMSO. To the resulting yellow solution was added 2.501 g of acetophenone in 4 ml of
dry DMSO. The solution was stirred for 45 minutes and became golden yellow in color.
A solution of 3-bromoquinoline (0.6448 g) in 6 ml of dry DMSO was then added to the
solution and then the solution was irradiated for 3 hours with a 275-W Sylvania broad
band UV lamp. The blood-red mixture was then poured into 65 ml of water. The133
tannish solution was allowed to cool to room temperature and transferredto an
Erlenmeyer flask. Ten ml of water was added plus 10 ml of brine and then extracted
four times with 40 ml portions diethyl ether. The ether layerswere combined and
extracted with 50 ml portions of 10% HCI. The aqueous layers (greenish)were
combined and made slightly basic with 10% NaOH. The resulting suspensionwas
extracted three times with 50 ml portions of ether. After the second extraction both
layers were clear. The ether layers were combined and driedover anhydrous magnesium
sulfate. The solvent was removed to give 0.6989g of a red oil (91.2% yield, 2.826
mmol). The oil was taken up in 1 ml of dichloromethane and filtered througha pad of
silica gel. The solvent was stripped off and the resulting oil dried undervacuum for 5
hours at which time the oil solidified (77.6 % recovery, 2.193 mmol).
The 5-, 6-, 7-, and 8-phenacylquinoline isomers were synthesized ina similar
manner from the appropriate starting haloquinolines. The 8-phenacylquinoline forms a
hydrochloride salt the is fairly in soluble in cold water, but may be recrystallized from
water. The 1- and 2-phenacyl anthracenes, as well as, the 6-phenacylchrycenewere
synthesized by this method.134
Table 28. Yields and selected physical properties of phenacylheteroarenes and certain
phenacylhomoarenes.
SubstituentMethylene
1H NMR
chemical
shift (ppm)
Melting point
(CC) Metho
d
%
Yield
2-pyridyl 4.657 36-37 A 96.1
3-pyridyl 4.323 41.5-43 B 38.2
4-pyridyl 4.321 113.1-114.8 A 94.4
2- quinolyl 116-117 A 88.2
3- quinolyl 4.515 64-66 C 77.6
4- quinolyl 4.712 116.5-117 A 92.5
5- quinolyl 4.756 135-136.5 C 84.6
6- quinolyl 4.5 145-147 C 70.1
7- quinolyl 4.524 92-94 C 68.0
8- quinolyl 4.988 101.2-101.9 C 34.5
1-anthracyl 4.892 C 76.6
2-anthracyl 4.488 196.2-198.4 C 95.2
6-chrysenyl 126-128 C 84.7
Preparation of 3,5-dibromotoluene. This procedure was adapted from that
of Coleman and Talbot.147 A solution of 16.63 g (0.1552 moles) of p-toluidine in 230
ml of glacial acetic acid was prepared. This solution was stirred at room temperature and
bromine was added dropwise until a cloudy yellow color persisted. The mixture was
then diluted with 20 ml of cold water and filtered to give crude 2,6-dibromotoluidine
which was carried on to the next step without further purification.
The crude 2,6-dibromotoluidine was dissolved in 200 ml of 100% ethanol
containing 20 ml of concentrated sulfuric acid and 19.81 g of sodium nitrite. This
reaction mixture was refluxed for 4 hours. Cooling and dilution with water gave 6.2 g
of orange crystals, mp 32-34 °C. Two recrystallizations from methanol/water (10:1) and135
drying in a desiccator gave 5.3 g (5% overall yield for both steps) of beige crystal,mp
37-39 °C (reported 36.8-37.0 °C). 1H NMR (300 MHz, CDC13): 7.48 (1H, s), 7.27
(2H, s), 2.31 (3H, s).
Preparation of di-tert-butyl malonate. The procedure of Raha was
followed.149
Part I. A mixture of 26.0 g (0.25 mol) of dry malonic acid and 60 ml of thionyl
chloride was heated with stirring to a temperature of 45-50 °C for three days be means of
an oil bath. The temperature was raised to 60 °C for six hours. After cooling the
greenish solution was distilled at reduced pressure (water aspirator). The fraction
boiling from 59-61 °C (23 torr) was collected and amounted to 29 g (82%) of a light
yellow liquid.
Part II. To a solution of 100 ml dry t-butyl alcohol and N,N-dimethylaniline was
added with stirring 28 g (0.20 mol) of malonyl dichloride in 60 ml of alcohol free
chloroform under a nitrogen atmosphere. The rate was kept slow so as the temperature
did not exceed 30 °C. After the addition the solution was refluxed for four hours. After
cooling 150 ml of ice cold 3M sulfuric acid was added and the mixture was extracted
with three 250 ml portions of ether. The combined organic layer was washed twice with
3M sulfuric acid, twice with water, twice with 10% aqueous potassium carbonate, and
finally with brine. The ethereal layer was dried over magnesium sulfate and potassium
carbonate. Removal of the solvent gave 33.9 g (79%) of a clear liquid of 96% purity by
GC. 1H NMR (300 MHz, CDC13): 3.186 (2H, s), 1.472 (18H, s).
Preparation of di-tert-butyl bromomalonate. The procedure of Hori and
Nagano was followed.150 A solution of 6.9 g (32 mmol) of di-t-butyl malonate, 20 ml
of dry benzene, and 5.4 g of bromotrichloromethane was stirred under nitrogen at 0 °C.
A solution of 6.3 g (41.5 mmol) of DBU in 15 ml of benzene was added dropwise over
a period of 30 minutes. The mixture was acidified with 1N HC1 and extracted with136
benzene. The organic layer was washed with water and dried with anhydrous sodium
sulfate. The mixture was filtered and the solvent removed to give 7.1 g (75%) crude
product. The liquid was distilled under reduced pressure to give 5.2 g (55% total yield)
boiling between 58-62 °C at 0.6 tom 1H NMR indicates a ratio of 2.1:1 bromide to
dibromide. 1H NMR (300 MHz, CDC13): 4.682 (1H, s), 1.505 (18H, s).
Preparation of m-chlorocumene. m-Chloro-a-styrene (5.2 g, 34.1 mmol)
was dissolved in 20 ml of ethanol. To this was added 0.52 g of Pd/C and the mixture
stirred over hydrogen gas for 15 hours. The mixture was filtered through celite, the
solvent removed to give 5.0 g (95%) of a clear liquid. 1H NMR (300 MHz, CDC13):
7.15 (4H, m), 2.86 (1H, sept.), 1.22 (6H, d). GC analysis showed 95% purity.
Kinetic Methods.
Thermal and photoinitiated reactions of 4-aryl-l-butenes. Reaction
mixtures contained a pair of alkenes. Some 4- aryl -l- butene and 1-undecene that would
serve as a reference compound. The internal standard utilized depended on GC retention
time and included one or more of the following: dodecane, hexadecane, docosane,
and/or eicosane. In the case of compounds with long retention times (ie. 4,4,4-
triphenyl-l-butene, etc.) two internal standard were used for better accuracy. The
concentrations of each alkene was kept at 0.05 M. The relative ratios of the compounds,
arylbutene, undecene, internal standard, radical precursor was 1:1:0.7:4. The relative
amount of the radical precursor varied depending on the compound. DEBM was kept at
four times the individual alkene amount. More reactive radical precursors such as some
of the iodides required smaller ratios in order to prevent complete reaction. The radical
initiator was either AIBN or irradiation with a G.E. 275-W sun lamp. The reaction
mixture was divided among eight ampoules, which were sealed under a reduced pressure
of nitrogen after three freeze-thaw cycles. Later, reaction vials were degassed under137
vacuum without nitrogen replacement. In each case, one of the ampoules was withheld
for analysis of starting material concentrations. The remaining ampouleswere placed in
a 70 ± 0.5 °C oil bath, just below the surface of the oil.
Photoinitiated reactions of diethyl bromomalonate. Reaction mixtures
contained a pair of substituted toluenes, an internal standard (either chlorobenzeneor
1,2- dichlorobenzene), and diethyl bromomalonate in benzene to givean approximate
molar ratio of 1:1:0.7:1:5. The reaction mixture was divided among eight ampoules,
which were sealed under a reduced pressure of nitrogen after three freeze-thaw cycles.
In each case, one of the ampoules was withheld for analysis of starting material
concentrations. The remaining ampoules were placed in a 70 ± 0.5 °C oil bath, just
below the surface of the oil, and irradiated with a G.E. 275-W sun lamp.
Calculation of Relative Rates.
Relative rates were determined for pairs of reactants by monitoring the
disappearance of each relative to an internal standard by 1H NMR or GC. The following
standard formula for the calculation of relative rates was used (eq. 95).
log
(Yi--)
Y f
Xi
log(--Xf
(95)
Yi is the initial concentration of compound Y.
Yf is the final concentration of compound Y.
Xi is the initial concentration of compound X.
Xf is the final concentration of compound X.138
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Appendices147
Appendix 1
Kinetic studies of the relative rates for reactions of substituted 4-phenyl -1-butene
versus 1-undecene with a-haloesters. Initiated thermally with AIBN at 70 °C with
benzene as a solvent.148
Table 29. Relative rate of disappearence of 4-phenyl -1-butene vs.
1-undecene in reaction with diethyl bromomalonate in
benzene solvent for 48 hours.
Initial mmoles:
4-phenyl -1-butene
1-undecene
benzene
0.5318DEBM
0.4880dodecane
to 10 ml AIBN
1.927
0.3489
0.0264
run # Compound
mmoles mmoles percent
fmal usedreacted krel
1 4-phenyl -1-butene 0.28820.243645.80 0.975
1-undecene 0.26030.227746.66
4-phenyl -1-butene 0.29040.241445.39 0.973
2 1-undecene 0.26210.225946.29
4-phenyl -1-butene 0.28940.242445.56 0.976
3 1-undecene 0.26160.226446.40
4-phenyl -1-butene 0.29180.240045.13 0.980
4 1-undecene 0.26450.223545.80
4-phenyl -1-butene 0.28910.242745.65 0.977
5 1-undecene 0.26140.226646.44
4-phenyl -1-butene 0.29090.240945.29 0.970
6 1-undecene 0.26210.225946.29
4-phenyl- 1 -butene 0.29320.238644.87 0.969
7 1-undecene 0.26390.224145.91
Average krel = 0.974 ± 0.004149
Table 30. Relative rate of disappearence of 4-phenyl -1-butene vs.
1-undecene in reaction with diethyl bromomalonate in
cyclohexane solvent for 48 hours.
Initial mmoles:
4-phenyl -1-butene0.4950DEBM 1.962
1-undecene 0.4920dodecane 0.3542
cyclohexane to 10 mlAIBN 0.0450
run # Compound
mmoles mmoles percent
final used reacted krel
1 4-phenyl -1-butene 0.27890.216143.65 1.064
1-undecene 0.28700.205041.67
4- phenyl -1- butene 0.28160.213443.11 1.037
2 1-undecene 0.28580.206541.97
4- phenyl -1- butene 0.28270.212342.89 1.062
3 1-undecene 0.29020.201841.01
4- phenyl -1- butene 0.28080.214243.27 1.061
4 1-undecene 0.28830.203741.40
4- phenyl -1- butene 0.28000.215043.44 1.066
5 1-undecene 0.28830.203741.40
4- phenyl -1- butene 0.28030.214743.37 1.056
6 1-undecene 0.28710.204941.64
4- phenyl -1- butene 0.27960.215443.51 1.068
7 1-undecene 0.28820.203841.43
Average krel = 1.056 ± 0.011150
Table 31. Relative rate of disappearence of 4-phenyl -1-butene vs.
1-undecene in reaction with diethyl iodomalonate in
benzene solvent for 48 hours.
Initial mmoles:
4-phenyl -1-butene0.4826diethyl iodomalonate0.7053
1-undecene 0.4893dodecane 0.3479
benzene to 10 mlAIBN 0.0291
run # Compound
mmoles mmoles percent
finalused reacted krel
1 4- phenyl -1- butene 0.44410.03857.986 0.684
1-undecene 0.43330.056011.45
4- phenyl -1- butene 0.35940.123225.23 1.130
2 1-undecene 0.37700.112323.00
4- phenyl -1- butene 0.37100.111623.13 1.005
3 1-undecene 0.37660.112723.02
4- phenyl -1- butene 0.38080.101821.09 0.954
4 1-undecene 0.38180.107521.98
4- phenyl -1- butene 0.36940.113223.45 0.926
5 1-undecene 0.36670.122625.06
Average luel = 1.004 ± 0.090151
Table 32. Relative rate of disappearence of 4-phenyl -1-butene vs.
1-undecene in reaction with diethyl iodomalonate in
cyclohexane solvent for 48 hours.
Initial mmoles:
4- phenyl -1- butene
1-undecene
cyclohexane
run # Compound
0.5295diethyl iodomalonate
0.4867dodecane
to 10 ml AIBN
mmoles mmoles percent
final used reacted
0.6855
0.3151
0.0287
krel
1 4- phenyl -1- butene 0.43370.095818.10 1.051
1-undecene 0.40250.084217.30
4- phenyl -1- butene 0.41460.114921.71
2 1-undecene 0.38550.101220.80 1.050
4- phenyl -1- butene 0.42220.107320.27
3 1-undecene 0.39350.093219.15 1.065
4- phenyl -1- butene 0.44450.085016.05
4 1-undecene 0.40970.077015.81 1.016
4-phenyl-I -butene 0.42580.103719.59
5 1-undecene 0.38970.097019.93 0.9808
4- phenyl -1- butene 0.41960.109920.76
6 1-undecene 0.38650.100220.59 1.009
Average krel = 1.021 ± 0.030152
Table 33. Relative rate of disappearence of 4-phenyl -1-butene vs.
1-undecene in reaction with ethyl iodobutyrate in benzene
solvent for 48 hours.
Initial mmoles:
4-phenyl -1-butene0.4962ethyl iodobutyrate0.4828
1-undecene 0.5025dodecane 0.3380
benzene to 10 mlAIBN 0.0457
run # Compound
mmoles mmoles percent
fmalused reacted krel
1 4-phenyl -1-butene 0.43460.061612.41 1.066
1-undecene 0.44380.058711.68
4-phenyl- 1 -butene 0.42540.070814.26 1.136
2 1-undecene 0.43880.063712.67
4-phenyl -1-butene 0.45420.072014.52 1.183
3 1-undecene 0.44010.062412.41
4-phenyl -1-butene 0.42220.074014.91 1.162
4 1-undecene 0.43730.065212.97
4-phenyl -1-butene 0.41970.076515.42 1.223
5 1-undecene 0.43810.064312.80
4-phenyl -1-butene 0.41840.077815.69 1.120
6 1-undecene 0.43590.066713.26
Average krei = 1.157 ± 0.061153
Table 34. Relative rate of disappearence of 4-phenyl -1-butene vs.
1-undecene in reaction with ethyl iodobutyrate in
cyclohexane solvent for 48 hours.
Initial mmoles:
4-phenyl -1-butene0.4939ethyl iodobutyrate0.4849
1-undecene 0.4893dodecane 0.3404
cyclohexane to 10 mlAIBN 0.0707
run # Compound
mmoles mmoles percent
fmalused reacted krel
1 4-phenyl -1-butene 0.44290.051010.33 1.143
1-undecene 0.44480.04459.09
4-phenyl- 1 -butene 0.43700.056911.52 1.253
2 1-undecene 0.44370.04569.31
4-phenyl- 1 -butene 0.44170.052210.56 1.254
3 1-undecene 0.44760.04178.51
4-phenyl -1-butene 0.44420.049710.07 1.192
4 1-undecene 0.44760.04178.52
4-phenyl -1-butene 0.44560.04839.77 1.134
5 1-undecene 0.44590.04248.67
6 4-phenyl -1-butene 0.44470.04929.96 1.191
1-undecene 0.44800.04138.43
Average krel = 1.182 ± 0.047154
Table 35. Relative rate of disappearence of 4-phenyl -1-butenevs.
1-undecene in reaction with diethyl bromomalonate in ten-
butylbenzene solvent for 48 hours.
Initial mmoles:
4- phenyl -1- butene
1-undecene
tert-butylbenzene
run # Compound
0.2458 DEBM 0.9813
0.2443 dodecane 0.1667
to 5 ml AIBN 0.0892
mmoles mmoles percent
final used reacted krel
1 4- phenyl -1- butene 0.18730.058523.94 1.048
1-undecene 0.18780.056522.97
4- phenyl -1- butene 0.18820.057623.43
2 1-undecene 0.18860.055722.79 1.032
4-phenyl -1-butene 0.15410.091737.30
3 1-undecene 0.15670.087635.85 1.051
4- phenyl -1- butene 0.13520.110645.01
4 1-undecene 0.13600.108344.35 1.020
Average krel = 1.038 ± 0.013155
Table 36. Relative rate of disappearence of 4-phenyl -1-butene vs.
1-undecene in reaction with diethyl methyliodomalonate in
benzene solvent for 48 hours.
Initial mmoles:
4-phenyl -1-butene
1-undecene
benzene
0.5204DEMIM
0.4900dodecane
to 10 ml AIBN
0.1388
0.3204
0.0610
run # Compound
mmoles mmoles percent
fmal usedreacted Iclei
1 4-phenyl -1-butene 0.45730.063012.12 1.463
1-undecene 0.44860.04138.45
4-phenyl -1-butene 0.46040.059911.52 1.340
2 1-undecene 0.44720.04288.73
4-phenyl -1-butene 0.45750.062912.08 1.416
3 1-undecene 0.44740.04268.69
4-phenyl -1-butene 0.45750.062912.08 1.403
4 1-undecene 0.44700.04308.77
4-phenyl-I -butene 0.45410.066312.74 1.280
5 1-undecene 0.44050.049510.10
4-phenyl -1-butene 0.44900.071413.72 1.104
6 1-undecene 0.42870.061312.51
Average krei = 1.318 ± 0.138156
Table 37. Relative rate of disappearence of 4-phenyl -1-butenevs.
1-undecene in reaction with diethyl methyliodomalonate in
cyclohexane solvent for 48 hours.
Initial mmoles:
4-phenyl -1-butene0.4886DEMIB 0.1388
1-undecene 0.4919dodecane 0.3445
cyclohexane to 10 mlAIBN 0.0610
run # Compound
mmoles mmoles percent
finalused reacted krel
1 4-phenyl -1-butene 0.42680.065113.32 1.031
1-undecene 0.42820.063712.95
4-phenyl-I -butene 0.43140.060512.38 1.045
2 1-undecene 0.43350.058411.88
4-phenyl -1-butene 0.42950.062412.77 1.020
3 1-undecene 0.43020.061712.54
4-phenyl -1-butene 0.42620.065713.46 1.115
4 1-undecene 0.43210.059812.15
4-phenyl -1-butene 0.42610.065813.46 1.084
5 1-undecene 0.43050.061412.48
4-phenyl -1-butene 0.42670.065213.35 1.062
6 1-undecene 0.42980.062112.63
Average Icre = 1.067 ± 0.033157
Table 38. Relative rate of disappearence of 4-phenyl -1-butene vs.
1-undecene in reaction with bromoisopropylidenemalonate
(BIPM) in benzene solvent for 48 hours.
Initial mmoles:
4- phenyl -1- butene0.4886BIPM 1.9361
1-undecene 0.4893dodecane 0.3381
benzene to 10 mlAIBN 0.1884
run # Compound
mmoles mmoles percent
fmal usedreacted krel
1 4- phenyl -1- butene 0.14190.346770.96 0.610
1-undecene 0.06450.424886.81
4- phenyl -1- butene 0.11020.378477.45 0.684
2 1-undecene 0.05550.433888.66
4- phenyl -1- butene 0.12860.360073.69 0.689
3 1-undecene 0.07040.418985.62
Average krel = 0.661 ± 0.036158
Table 39. Relative rate of disappearence of 4- phenyl -1- butenevs.
1-undecene in reaction with bromoisopropylidenemalonate
(BIPM) in cyclohexane solvent for 48 hours.
Initial mmoles:
4-phenyl -1-butene
1-undecene
cyclohexane
0.4886BIPM
0.4874dodecane
to 10 ml AIBN
1.9347
0.3370
0.1915
run # Compound
mmoles mmoles percent
fmal used reacted krel
1 4-phenyl -1-butene 0.37390.114923.52 0.504
1-undecene 0.28630.201141.27
4-phenyl -1-butene 0.35200.136627.95 0.527
2 1-undecene 0.26170.225746.30
4-phenyl -1-butene 0.35260.136027.84 0.532
3 1-undecene 0.26400.223445.84
Average krel = 0.521 ± 0.012159
Appendix 2
Kinetic studies of the relative rates for reactions of substituted 4,4,4-tripheny1-1-
butene and 9-allyltrypticene versus 1-undecene with diethyl bromomalone. Initiated
photolytically at 70 °Cwith benzene or cyclohexane as solvent.160
Table 40. Relative rate of disappearence of 4,4,4-tripheny1-1-butene
vs. 1-undecene in reaction with diethyl bromomalonate in
benzene solvent for 48 hours.
Initial mmoles:
4,4,4 - triphenyl -1- butene
1-undecene
benzene
run # Compound
0.4993
0.4861
to 10 ml
mmoles
final
DEBM
hexadecane
mmoles percent
used reacted
1.958
0.3396
krei
1 4,4,4 - triphenyl -1- butene0.21500.284356.93 0.905
1-undecene 0.19150.294660.60
4,4,4 - triphenyl -1- butene0.19950.299860.05 0.950
2 1-undecene 0.18510.301061.92
4,4,4-tripheny1-1-butene0.20960.289758.01 0.844
3 1-undecene 0.17400.312164.21
4,4,4 - triphenyl -1- butene0.22800.271354.34 0.722
4 1-undecene 0.16410.322066.23
4,4,4-tripheny1-1-butene0.21400.285257.14 0.641
5 1-undecene 0.12950.356673.36
4,4,4 - triphenyl -1- butene0.19700.302360.55 1.02
6 1-undecene 0.19550.290659.77
Average lcrei = 0.847 ± 0.143161
Table 41. Relative rate of disappearence of 4,4,4-tripheny1-1-butene
vs. 1-undecene in reaction with diethyl bromomalonate in
cyclohexane solvent for 48 hours.
Initial mmoles:
4,4,4-tripheny1-1-butene0.5239 DEBM 1.9517
1-undecene 0.4848 hexadecane0.3374
cyclohexane to 10 ml
run #
mmoles mmoles
Compound finalused
percent
reacted kiel
1 4,4,4 - triphenyl -1- butene 0.14550.378472.23 1.790
1-undecene 0.23690.247951.12
4,4,4-tripheny1-1-butene 0.14310.380872.69 1.862
2 1-undecene 0.24140.243450.12
4,4,4 - triphenyl -1- butene 0.17180.352167.20 1.884
3 1-undecene 0.26830.216544.66
4,4,4-tripheny1-1-butene 0.18120.342765.41 1.684
4 1-undecene 0.25820.226746.75
4,4,4-tripheny1-1-butene 0.13120.392774.95 1.862
5 1-undecene 0.23150.254352.45
4,4,4 - triphenyl -1- butene 0.12920.394775.34 1.911
6 1-undecene 0.23300.251851.23
Average lcre = 1.832 ± 0.083162
Table 42. Relative rate of disappearence of 9-allyltrypticene vs.
1-undecene in reaction with diethyl bromomalonate in
benzene solvent for 48 hours.
Initial mmoles:
9-allyltrypticene 0.1039DEBM 0.4099
1-undecene 0.1043dodecane 0.0716
benzene 2.1 mldocosane 0.0647
run # Compound
mmoles mmoles percent
final used reacted kre
1 9-allyltrypticene 0.06700.037035.58 0.336
1-undecene 0.02810.076172.97
9-allyltrypticene 0.06680.037135.73 0.334
2 1-undecene 0.02780.076673.44
9-allyltrypticene 0.06100.042941.32 0.405
3 1-undecene 0.02820.076373.19
9-allyltrypticene 0.06420.039738.21 0.351
4 1-undecene 0.02640.077974.64
9-allyltrypticene 0.06440.039538.06 0.440
5 1-undecene 0.03520.069166.30
9-allyltrypticene 0.05950.044442.72 0.431
6 1-undecene 0.02860.075772.57
Average krei = 0.383 ± 0.048163
Table 43. Relative rate of disappearence of 9-allyltrypticene vs.
1-undecene in reaction with diethyl bromomalonate in
cyclohexane solvent for 48 hours.
Initial mmoles:
9-allyltrypticene
1-undecene
cyclohexane
0.1022 DEBM
0.1030 dodecane
2.1 mlhexadecane
0.4137
0.0710
0.0628
run # Compound
mmoles mmoles percent
fmal used reacted krel
1 9-allyltrypticene 0.07330.028928.32 0.269
1-undecene 0.02990.073170.96
9-allyltrypticene 0.07450.027727.07 0.264
2 1-undecene 0.03120.071869.72
9-allyltrypticene 0.08050.021721.23 0.228
3 1-undecene 0.03620.066864.85
9-allyltrypticene 0.08560.016616.28 0.178
4 1-undecene 0.03800.065063.13
9-allyltrypticene 0.07130.030930.24 0.298
5 1-undecene 0.03070.072370.18
9-allyltrypticene 0.07530.026926.27 0.258
6 1-undecene 0.03170.071369.27
Average krel = 0.249 ± 0.041164
Appendix 3
Kinetic studies of the relative rates for reactions of substituted 4-aryl -1-butenes
versus 1-undecene with bromotrichloromethane. Initiated thermally with AIBN at 70 °C
with benzene or cyclohexane as solvent.165
Table 44. Relative rate of disappearence of 4-phenyl -1-butene vs.
1-undecene in reaction with bromotrichloromethane in
benzene solvent for 48 hours.
Initial mmoles:
4-phenyl -1-butene0.2481bromotrichloromethane1.0087
1-undecene 0.2560dodecane 0.1761
benzene to 5 mlAIBN 0.0244
run # Compound
mmoles mmoles percent
fmalused reacted krel
1 4-phenyl -1-butene 0.10150.146659.09 0.994
1-undecene 0.10410.151959.33
4-phenyl -1-butene 0.05790.190276.66 0.994
2 1-undecene 0.05930.196776.85
4-phenyl-I -butene 0.05890.189276.26 0.992
3 1-undecene 0.06010.195976.53
Average Icrei = 0.993 ± 0.001166
Table 45. Relative rate of disappearence of 4-phenyl -1-butene vs.
1-undecene in reaction with bromotrichloromethane in
cyclohexane solvent for 48 hours.
Initial mmoles:
4-phenyl -1-butene
1-undecene
cyclohexane
0.2504 bromotrichloromethane
0.2528 dodecane
to 5 ml AIBN
1.0127
0.1773
0.0262
run # Compound
mmoles mmoles percent
fmal used reacted krel
1 4-phenyl -1-butene 0.11680.133653.35 0.9176
1-undecene 0.11010.142956.44
4-phenyl- 1 -butene 0.07780.172668.92
2 1-undecene 0.07820.174669.18 0.9955
4-phenyl -1-butene 0.06840.182072.68
3 1-undecene 0.06880.184072.77 0.9974
4-phenyl -1-butene 0.03930.211184.31
4 1-undecene 0.03850.214384.75 0.9848
4-phenyl -1-butene 0.03280.217686.88
5 1-undecene 0.03280.220084.04 0.9940
Average krei = 0.978 ± 0.034167
Table 46. Relative rate of disappearence of 4-(1-naphthyl)-1-butene
vs. 1-undecene in reaction with bromotrichloromethane in
benzene solvent for 48 hours.
Initial mmoles:
4-(1-naphthyl)-
1-butene
1-undecene
benzene
0.2579 bromotrichloromethane 1.0233
0.2566 dodecane
to 5 ml AIM
0.1773
0.0273
run # Compound
mmoles mmoles percent
fmalusedreacted kre
1 4-(1-naphthyl)-1- 0.14720.107142.13 0.9176
butene 0.13820.112644090
1-undecene
4-(1-naphthyl)-1- 0.06620.088134.63
2 butene 0.16300.087835.03 0.9859
1-undecene
4-(1-naphthyl)-1- 0.16020.094137.02
3 butene 0.15580.095037.88 0.9712
1-undecene
4-(1-naphthyl)-1- 0.13070.123648.62
4 butene 0.12200.128851.36 0.9240
1-undecene
4-(1-naphthyl)-1- 0.12370.130651.37
5 butene 0.11400.136854.54 0.9146
1-undecene
4-(1-naphthyl)-1- 0.13440.119947.15
6 butene 0.12810.122748.91 0.9494
1-undecene
4-(1-naphthyl)-1- 0.13460.119747.07
7 butene 0.12670.124149.48 0.9317
1-undecene
Average krei = 0..942 ± 0.028168
Table 47. Relative rate of disappearence of 4-(1-naphthyl)-1-butene
vs. 1-undecene in reaction with bromotrichloromethane in
cyclohexane solvent for 48 hours.
Initial mmoles:
4- phenyl -1- butene
1-undecene
cyclohexane
run # Compound
0.2453 bromotrichloromethane
0.2528 dodecane
to 5 ml AIBN
mmoles mmoles percent
fmal usedreacted
1.0172
0.1773
0.0195
krel
1 4-(1-naphthyl)-1- 0.20250.042817.46 0.901
butene 0.20430.048519.19
1-undecene
4-(1-naphthyl)-1- 0.20130.044017.94
2 butene 0.20350.049319.51 0.911
1-undecene
4-(1-naphthyl)-1- 0.20270.042617.40
3 butene 0.20400.048819.30 0.891
1-undecene
4-(1-naphthyl)-1- 0.18670.058623.87
4 butene 0.18710.065726.00 0.906
1-undecene
4-(1-naphthyl)-1- 0.18620.059124.08
5 butene 0.18810.064725.60 0.931
1-undecene
4-(1-naphthyl)-1- 0.18370.061625.13
6 butene 0.18740.065425.89 0.966
1-undecene
4-(1-naphthyl)-1- 0.18390.061425.04
7 butene 0.18760.065225.80 0.966
1-undecene
Average Icrei = 0.925 ± 0.031169
Table 48. Relative rate of disappearence of 4-(2-naphthyl)-1-butene
vs. 1-undecene in reaction with bromotrichloromethane in
benzene solvent for 48 hours.
Initial mmoles:
4-(2-naphthyl)-
1-butene
1-undecene
benzene
0.2566 bromotrichloromethane1.0233
0.2579 dodecane
to 5 ml AIBN
0.1773
0.0273
run # Compound
mmoles mmoles percent
fmalused reacted krel
1 4-(2-naphthyl)-1- 0.05650.201478.11 0.960
butene 0.05270.203979.44
1-undecene
4-(2-naphthyl)-1- 0.05370.204279.19 1.004
2 butene 0.05380.202879.03
1-undecene
4-(2-naphthyl)-1- 0.05430.203678.95 0.992
3 butene 0.05340.203279.20
1-undecene
4-(2-naphthyl)-1- 0.05410.203879.04 0.993
4 butene 0.05320.203479.26
1-undecene
4-(2-naphthyl)-1- 0.05350.204479.25 1.007
5 butene 0.05380.202879.02
1-undecene
Average krei = 0.992 ± 0.019170
Table 49. Relative rate of disappearence of 4-(2-naphthyl)-1-butene
vs. 1-undecene in reaction with bromotrichloromethane in
cyclohexane solvent for 48 hours.
Initial mmoles:
4-(2-naphthyl)- 0.2508 bromotrichloromethane1.0233
1-butene
1-undecene 0.2535 dodecane 0.1762
cyclohexane to 5 ml A1BN 0.0250
run # Compound
mmoles mmoles percent
fmal usedreacted kre
1 4-(2-naphthyl)-1- 0.08060.172968.19 1.018
butene 0.08140.169467.56
1-undecene
4-(2-naphthyl)-1- 0.07950.174068.65 1.025
2 butene 0.08090.169967.75
1-undecene
4-(2-naphthyl)-1- 0.08130.172267.93 1.003
3 butene 0.08070.170167.83
1-undecene
4-(2-naphthyl)-1- 0.08000.173568.45 1.014
4 butene 0.08040.170467.95
1-undecene
4-(2-naphthyl)-1- 0.08200.171567.67 0.999
5 butene 0.08100.169867.71
1-undecene
Average Icrei = 1.012 ± 0.011171
Appendix 4
Kinetic studies of the relative rates for reactions of substituted toluenes with
diethyl bromomalonate. Initiated photolytically at 70 °C with benzene as a solvent.172
Table 50. Relative rate of disappearence of p -methoxytoluene vs.
toluene in reaction with diethyl bromomalonate for 48
hours.
Initial mmoles:
p -methoxyltoluene9.995DEBM
toluene 9.918chlorobenzene
benzene 49.85
run # Compound
1 p -methoxytoluene
p -xylene
p -methoxytoluene
2 p -xylene
p -methoxytoluene
3 p -xylene
p -methoxytoluene
4 p -xylene
9.983
10.02
mmoles mmoles percent
final usedreacted krel
8.1961.79918.0 4.00
9.4420.476 4.8
6.7373.25832.6 4.02
8.9960.922 9.3
7.0262.96929.7 3.69
9.0150.903 9.1
5.3074.68846.9 4.75
8.6781.24012.5
Average krel = 4.12 ± 0.39173
Table 51. Relative rate of disappearence of p -xylene vs. toluene
in reaction with diethyl bromomalonate for 48 hours.
Initial rrnnoles:
p -xylene 10.13 DEW
toluene 10.03chlorobenzene
benzene 50.03
10.00
10.06
run # Compound
mmoles mmoles percent
fmal used reacted krel
1 p -xylene 5.4774.65345.93 2.03
toluene 8.6231.40714.03
p -xylene 6.2203.91038.6 2.11
2 toluene 8.1951.83518.3
p -xylene 4.3285.80257.28 2.17
3 toluene 8.2441.78617.81
p -xylene 4.1286.00259.25 2.23
4 toluene 8.2001.83018.25
Average krel = 2.14 ± 0.09174
Table 52. Relative rate of disappearence of p -chlorotoluene vs.
toluene in reaction with diethyl bromomalonate for 48
hours.
Initial mmoles:
p -chlorotoluene 10.79DEBM 10.02
toluene 10.54chlorobenzene 9.954
benzene 50.13
run # Compound
mmoles mmoles percent
fmal used reacted krel
1 p -chlorotoluene 8.6022.18820.28 1.174
toluene 8.6891.85117.56
p -chlorotoluene 6.3474.44641.18 1.209
2 toluene 6.7963.74435.52
p -chlorotoluene 8.0252.76525.63 0.9115
3 toluene 7.6162.92427.74
p -chlorotoluene 6.7943.99637.03 1.076
4 toluene 6.8563.68434.95
p -chlorotoluene 7.0653.72534.52 0.8380
5 toluene 6.3594.18139.67
p -chlorotoluene 6.8803.91036.24 0.9376
6 toluene 6.5224.01838.12
Average krel = 1.024 ± 0.138175
Table 53. Relative rate of disappearence of m -chlorotoluene vs.
toluene in reaction with diethyl bromomalonate for 35.5 to
116.5 hours.
Initial mmoles:
m -chlorotoluene 10.09DEBM
toluene 10.14chlorobenzene
benzene 50.56
10.03
10.01
run # Compound
mmoles mmoles percent
fmalusedreacted krel
1 m -chlorotoluene 9.1060.984 9.75 0.526
toluene 8.3431.79717.72
m -chlorotoluene 7.9572.13321.14 0.461
2 toluene 6.0594.08140.25
m -chlorotoluene 7.5032.58725.64 0.417
3 toluene 4.9855.15550.84
m -chlorotoluene 8.0822.00819.90 0.394
4 toluene 5.7744.36643.05
m -chlorotoluene 7.0783.01229.85 0.525
5 toluene 5.1604.98049.11
m -chlorotoluene 6.9733.11730.89 0.572
6 toluene 5.3154.82547.58
Average krel = 0.483 ± 0.070176
Table 54. Relative rate of disappearence of 3,5-dibromotoluene vs.
toluene in reaction with diethyl bromomalonate for 48
hours.
Initial mmoles:
3,5-dibromotoluene6.058DEBM
m -chlorotoluene 6.585chlorobenzene
benzene 26.04
5.684
5.546
run # Compound
mmoles mmoles percent
fmal used reacted krel
1 3,5-dibromotoluene5.5590.4998.23 0.218
m -chlorotoluene 4.4392.14632.59
3,5-dibromotoluene5.0171.04117.18 0.408
2 m -chlorotoluene 4.1512.43436.96
3,5-dibromotoluene5.1890.86914.35 0.314
3 m -chlorotoluene 4.0232.56238.90
3,5-dibromotoluene4.9031.15519.07 0.368
4 m -chlorotoluene 3.7032.88243.76
3,5-dibromotoluene4.8111.24720.59 0.529
5 m -chlorotoluene 4.2582.32735.34
3,5-dibromotoluene4.8081.25020.63 0.445
6 m -chlorotoluene 3.9172.66840.51
Average krel = 0.400 ± 0.065
Average krel with respect to toluene = 1.72 ± 0.13177
Table 55. Relative rate of disappearence of p -cyanotoluene vs.
toluene in reaction with diethyl bromomalonate for 95.5,
120 and 145 hours.
Initial mmoles:
p -cyanotoluene 10.04DEBM 10.03
toluene 9.918chlorobenzene 8.921
benzene 49.90
run # Compound
mmoles mmoles percent
fmal usedreacted krel
1 p -cyanotoluene 7.2202.82028.09 2.17
toluene 8.5231.39514.07
p -cyanotoluene 5.4594.58145.63 2.13
2 toluene 7.4532.46524.85
p -cyanotoluene 3.6666.37463.49 2.62
3 toluene 6.7523.16631.92
Average krel = 2.31 ± 0.27178
Appendix 5
Kinetic studies of the relative rates for reactions of substituted cumenes with
diethyl bromomalonate. Initiated photolytically at 70 °C with benzene as a solvent.179
Table 56. Relative rate of disappearence of p -methoxycumene vs.
ethylbenzene in reaction with diethyl bromomalonate for
12.5 hours.
Initial mmoles:
p -methoxycumene
ethylbenzene
benzene
run # Compound
5.040DEBM 5.055
5.0121,2-dichlorobenzene4.912
28.46
mmoles mmoles percent
fmal initialreacted krel
p -methoxycumene 2.83 2.2143.9 23.3
1 ethylbenzene 4.890.123 2.45
p -methoxycumene 2.722.3246.0 17.9
2 ethylbenzene 4.840.170 3.39
p -methoxycumene 2.742.3045.7 17.4
3 ethylbenzene 4.840.173 3.45
p -methoxycumene 2.81 2.2344.2 9.56
4 ethylbenzene 4.71 0.296 5.91
p -methoxycumene 2.692.3546.7 17.0
5 ethylbenzene 4.830.182 3.64
p -methoxycumene 2.73 2.3145.8 14.7
6 ethylbenzene 4.810.2054.09
Average krel = 16.7 ± 1.4180
Table 57. Relative rate of disappearence of p -isopropylcumene vs.
ethylbenzene in reaction with diethyl bromomalonate for 24
hours.
Initial mmoles:
p -isopropylcumene4.912DEBM
ethylbenzene 5.0121,2-dichlorobenzene
benzene 28.44
mmoles mmoles percent
run # Compound fmal used reacted
4.97
5.020
krel
p -isopropylcumene2.042.9759.2 17.7
1 ethylbenzene 4.670.242 4.93
p -isopropylcumene 1.90 3.11 62.0 16.5
2 ethylbenzene 4,63 0.281 5.71
p -isopropylcumene 1.903.1162.0 19.0
3 ethylbenzene 4.670.244 4.97
p -isopropylcumene 1.843.1763.3 23.1
4 ethylbenzene 4.700.209 4.25
p -isopropylcumene 1.90 3.11 62.0 18.7
5 ethylbenzene 4.660.247 5.04
p -isopropylcumene 1.91 3.1061.8 18.1
6 ethylbenzene 4.660.255 5.19
Average krel = 17.7 ± 0.9
Average krel statistically corrected = 8.87 ± 0.47181
Table 58. Relative rate of disappearence of m -isopropylcumenevs.
ethylbenzene in reaction with diethyl bromomalonate for 24
hours.
Initial mmoles:
m - isopropylcumene 4.985DEBM 5.023
ethylbenzene 4.9521,2-dichlorobenzene4.972
benzene 28.45
run # Compound
mmoles mmoles percent
final usedreacted krel
1 m -isopropylcumene2.5012.48449.8 13.3
ethylbenzene 4.7020.2505.05
m -isopropylcumene2.5392.44649.1 12.9
2 ethylbenzene 4.7000.2525.10
m -isopropylcumene2.6672.31846.5 12.6
3 ethylbenzene 4.7120.2404.85
m -isopropylcumene2.4642.52150.6 12.7
4 ethylbenzene 4.6850.2675.40
m -isopropylcumene2.5022.48349.8 10.3
5 ethylbenzene 4.6320.3206.46
m -isopropylcumene2.4062.57951.8 17.8
6 ethylbenzene 4.7530.1994.02
Average krei = 12.2 ± 1.6
Statistically corrected average krei = 6.09 ± 0.81182
Table 59. Relative rate of disappearence of p -nitrocumene vs.
ethylbenzene in reaction with diethyl bromomalonate for
24, 48 and 60 hours.
Initial mmoles:
p -nitrocumene 4.981DEBM 4.953
ethylbenzene 4.9521,2-dichlorobenzene4.976
benzene 28.64
run # Compound
mmoles mmoles percent
fmalusedreacted krel
1 p -nitrocumene 2.9752.00640.3 1.27
ethylbenzene 3.3041.64833.3
p -nitrocumene 1.9672.01440.4 1.24
2 ethylbenzene 3.2571.69534.2
p -nitrocumene 2.9342.04741.1 1.32
3 ethylbenzene 3.3131.63933.1
p -nitrocumene 2.9732.00840.3 1.26
4 ethylbenzene 3.2891.66333.6
Average krel = 1.27 ± 0.03